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Facile methods of genetic transformation are of outstanding importance 
tor both basic and applied research. For many years, transgenic technol- 
ogies tor planes were restricted to manipulations of the nuclear genome. 
Mori' recently, a stxjond gitwmo of the plant cell has become amenable 
to genetic engineering: the prokaryorically organized circular genome of 
the chloroplast The possibility to directly manipulate chloroplast gen- 
ome-encoded information has paved the way to detailed in viva studios 
of virtually all aspects of plastid gene expression. Moreover, plastid 
transformation technologies have been intensely used in functional geno- 
mics by performing gene knockout* and site-dirocted mutageneses of 
plastid genes. The*** studies have contributed greatly to our understand- 
ing of the physiology and biochemistry of biogenergctk processes inside 
the plastid compartment. Plastid transformation technologic have also 
stirred considerable excitement among plant biotechnologists, si net* trans- 
gene expression from the plastid genome offers a number of mos>t attrac- 
tive advantages, including high-level foreign protein expression and 
transgone containment due to lack of pollen transmission. This review 
describes the generation of plants with transgenic plastids, summarizes 
our current understanding of the transformation process and highlights 
selected applications of transplastomic technologies in basic and applied 
research. 

* 2001 Academic Press 

Kiyttwrds: chloroplast: plastid transformation; rovers 1 genetics; functional 
genomics; plant biotechnology 



Introduction 

I*he genetic information of plants is distributed 
among three cellular compartments: the nucleus, 
the mitochondria and the plastids, The latter two 
are derived from formerly rree»livmg cubacteria; 
mitochondria from i-proteobacteria and plastids 
from cyanobaeteria. The prokaryotic progenitors of 
the present-day cell organelles were enguift^ by a 
pre^tfukaryotic cell in a endosymbiosis-like process. 
During the gradual integration of the aequin*d 
endosymbionts into the host cell's metabolism, the 
organella r genomes underwent a dramatic size 
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reduction due to both massive gem* loss and gene 
transfer to the nuclear genome- 1 Consequently. p r «'- 
M-nt-dav organellar genomes are rather small and 
contain comparably little information. The plastid 
genome is a circular molecule of double <t rand ed 
UNA. In a typical higher p\*c\t, it is I20*lb0 kb m 
size and contains approximately 130 genes. Identi- 
cal copies of the plastid genome are present in all 
plastid differentiation types: proplastids (predomi- 
nantly present in meristematic tissues), green ehlor- 
oplas'ts (present in photosynthetically acrive 
tissues), carotenoid -accumulating red or yellow 
chromoplasts (present in some llowcrs and fruits) 
as well as several other plastid types specialized in 
storage of starch, lipids or proteins. 

In spite of the small size of plastid genomes as 
compared with higher plant nuclear genomes, 
chloroplast DNA typically makes up as much as 
10-20 % or the toraf cellular DNA content.- This is 
ivenuse a diploid pio^t cei! harbors 'Vilv two 



copies of its nuclear genome hut thousands or 
copies ot it> piastid gmome (sec Figun* 2). A single 
leal roll mav contain dozens or even hundred* ot 
chloroplasts*. : The chloroplast DMA is organized in 
nucleoids as typical of a prokaryotic system and 
sown I such nucleoids art* pr<*sont in each chlon> 
piast. Fiach nucleoid again harbor* several copies 
ot the piastid genome (sw Figure 2). This can add 
i»p to extraordinarily high ploidy levels of the plas- 
tid genome: up ti> 10,000 (identical) copies of the 
piastid ON A (ptDNA) can be found in a single pea 
leaf evil nnd oven up to 50,000 copies in a wheat 
celt.' 

Plastids (as well as mitochondria) have retained 
numerous eubacterial features, including, tor 
example, gene organization in operons and princi- 
pally prokarvotic mechanisms ot gene expression. 
Over the past decades, the piastid genome, its 
structure, expression and evolution was intensely 
studied using molecular methods. This research 
has generated a wealth of new information not 
onlv about the function of the piastid genetic sys- 
tem but also about the highly sophisticated regu- 
latory mechanisms governing the co-operation of 
plant cell organelles with their nucleo-cytoplasmic 
compartment (for reviews see, e.g. C.oldsehmidt- 
Clemont/ Leon ct al? and Coleman and Nerozzi' 1 ). 
More recently, chloroplast research has benefited 
enormously from the introduction of transgenic 
technologies facilitated by the development of 
reliable methods for piastid genome transform- 
ation*-* This methodological breakthrough has 
made feasible the targeted manipulation of the 
endogenous genetic information of plastids and, in 
addition, has op<wd up the exciting possibility to 
introduce novel information and express it from 
engineered chloroplast genomes. 

Piastid transformation systems 

For many years, the genetic transformation of 
organellar genomes seemed impossible to achieve, 
since (a) the double membrane of chloroplast and 
mitochondria posed a threatening physical barrier 
to the delivery of transforming DMA into organelle 
compartments, and (b) no viruses or bacteria wen* 
known that would infect chloroplasts or mitochon- 
dria and thus could be used as vehicles for gene 
transter. This rather pessimistic view changed sud- 
denly when a new "violent" method was intro- 
duced into biological research: the shooting with 
particle-accelerating devices nowadays commonly 
called "particle guns" or "gene guns'7' J,t Together 
with the development of efficient protocols for 
coating inert metal powder (gold or tungsten) with 
nucleic acids, this biolistic (biological + ballistic) 
technique has provided the attractive opportunity 
to shoot foreign ON A into living cells. Encour- 
aged by promising success with nuclear transtornv 
ation in plants'* and mitochondrial transiormation 
in yeast, chloroplasts were the next targets of the 
cannontvrs among plant researchers. In IW, sue* 
costul chloroplast transiormation was reported by 



the Bovnton and Gillham laboratories for Chlamih 
donuma> rcinharJHi. a unicellular green alg.i with a 
single large chloroplast occupying appm\imatcl\ 
to***, of the ceil volume.* Employing photosyntheti- 
ca liy incompetent mutants carrying defective 
alleles of the chloroplast ntyls gene (and thus 
lacking chloroplast ATP synthase activity), the 
wild-tvpe aipB gene was used in this study to 
complement the mutant phenotype under selection 
for restored photoautotrophic growth. Stable chlor- 
oplast transformants were obtained in which the 
mutant atpR allele had been replaced by the wild- 
type gene as present in the transiormation vector 
via homologous recombination. 

A seminal coniribution to the further improve- 
ment of chloroplast translocation technologies 
was the development ot the first chloroplast- 
specific antibiotic resistance marker, an originally 
bacterial aminoglycoside 3"-adenylyltransrerasc 
gene [aadA) conferring distance to a number ot 
antibiotics of the aminoglycoside type, including 
spectinomycin and streptomycin. 14 The antibiotic 
routinely usod for chloroplast transformation is 
specrinomvein because of its high specificity as a 
prokarvotic transitional inhibitor and its low side- 
el feets "on plant cells. The AadA protein catalyzes 
the covalent transfer of an AMP residue from ATP 
to spectinomycin, thereby converting the antibiotic 
into an inactive form (adenylylspectmomycin) that 
no longer inhibits protein biosynthesis on prokar- 
votic 70 S ribosomes as present in the chloroplast. 
in order to convert the and A gene from Fsdimdwt 
coll into a chloroplast-specific selectable marker, its 
coding region was fused to chloroplast expression 
signals: u a 5* DNA segment pnn-iding promoter, 
5' untranslatisj region (UTR) and Shino-Dalganut 
sequence as well as a 3' chloroplast DNA segment 
providing a stable 3' UTR which is required to con- 
fer transcript stability in plattta, 

In Pal Maliga and co-workers were the 

first gunners to succeed with chloroplast trans- 
formation in a higher plant" Using a chloroplast 
10 S ribosomal RNA gene engineered by introdu- 
cing point mutations that confer resistance to spec- 
tinomvein and streptomycin, thov demonstrated 
stable transformation of tobacco (Nnvtiuna tulwawr) 
plastids bv biolistic bombardment of sterile leaves 
followed "bv selection for speennomydn-resistant 
Cell lines (Figure 1). In the chloroplast geoomtN ot 
the transformed plants (also referred to as "tran>- 
plastomic" plants), the engineered 16 S rRNA allele 
as present in the transformation vector had 
replaced the wild-type allele by homologous 
recombination. 7 Reciprocal crosses of transplas- 
tomic and wild-type plants demonstrated that the 
introduced antibiotic resistances were uniparen- 
tally, maternally inherited as expected for an extra- 
nuclear trail. 

The initially used antibiotic-resistant S rKN A 
allele w,^ not an efficient electable marker and 
produced on average only one or two tobacco 
chloroplast transformants per 100 bombarded le.it 
samples (equaling approximately 400 selection 
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n^vc,n.n.Ls«.ino. ^ <WA. thus alkjwuw .or ">~^ >^ S^Slte S Uc/the phytohormon* 
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plates: Figure Ha))™ 16 "This relatively low trans- 
formation frrquoncv is most probably duo to the 
recessive mode action of the rRNA marker 
during the selection phase: It confers antibiotic 
resistance only to thosv few chloroplast nbosorm-s 
that have received their Ift S rRNA molecule trom 
the very few initially present transformed ptDNA 
copies (Figure 2). By contrast, antibiotic-inactivat- 
ing marker genes provide dominant drug resist- 
ance to the recipient chloroplast and, in theory, a 
Single transformed genome copy is sufficient to 
detoxirv the entire organelle. Two such dominant 
selectable nv-fcer genes for tobacco chloroplast 



transformation have been constructed to date 
(Table I): (a) a chimeric spectinomycin resistance 
ecne aadA* a* described above for (Mmifdomotw 
chloroplast transformation" but containing tobacco 
chioroplast-specific expression signals; and (b) a 
similarly designed chimeric npttl gene encoding a 
neomycin phosphotransferase and conferring 
resistance to kanamydn.'" ,M While the**M gone is 
a highly efficient and specific selectable marker, 
the- nptll appear? to be less efficient and, moreover, 
produces a significant background or nuclear trans- 
formants. 17 ^ 
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^s-tO placid fft-iwwncs V rwctemd 



I 



event: 

change or a single pbwid 



heh?n>pia.\my ^ plastKl 




plant ny miii ifr o eydes 
under wHibvobc ackctida; 

bomoplasmy r«r the transpenu 



copes >n .. kvrf rt'U. Ourin« <ubM^uont wll ond «* n, Ik s ° - ^ ^..mos. "hefeas AloroplaM. harbon.-s 
anyone <^<* mu,,, P li0 r" a i^r5^^ chloropl^ ^y^^'™^ 

w Sito^ or "homoplasddic". See the text for drto.W- 



In summarv. three types of selectable markers 
.ir.' availablo tor chloroplast traast'ormation exper- 
■mi-nts: (rt dominant ant.biotic-rosistanco ^ru* 
(available for CMimwdiwiiw and tobacco ' J. 
(ii) roc^^v -.v ! '-.i,>tic-wsistan«f marker, encode): 



anribiotic-inseasitive alleles ot nbc*onul 
RNA «nc« (available for C/rWc/wmis and 
tobacco' -");' and <»0 fw.vssiw markers rvMorm,; 
photoautotrophfc firowth by complementing nor, 
pwotosvnthctic mutants (currently only .-vailaW. 



for Chtamvdamonafi*)- As outlined above, dominant 
xpeCtinornvcin roistance provided by chimeric 
iLtA genes ,s bv tar the most effective selection 
system tor chloroplast transformants available to 

^Although dins* gene transfer using the biolistic 
method Ls undoubtedly the currently most wide- 
spread technology for piastid transformation, 
stable introduction' of cloned DNA into chloroplast 
eenomes also has been conclusively demonstrated 
using two alternative protocols. For ChlamydomO' 
hos. Agitating a suspension of glass beads and cell 
wall-deficient algal cells in the presence ot plasmid 
DNA produced 'transplastomic cells, albeit at sig- 
nificant! v lower rate than the biolishc protocol/ In 
tobacco, chloroplast transformation can alterna- 
tively be accomplished by chemical treatment of 
protoplasts with polyethylene glycol (PEC) in the 
Inl Zee of vivtor rJNA> w 1*C ^d Ion,; been 
known to promote uptake of naked DNA bv proto- 
plasts and was routinely used to deliver biologi- 
cally active DNA into the plant nuclear genome .* 
Its suitability tor the transformation of chloroplasts 
was somewhat surprising, since it is generally 
believed that direct exposure or membranes to 
hieh PEC" concentrations * required to facilitate 
the passage of DNA molecules. Although in elec- 
tron microscopv, mesophyll chloroplasts are often 
s*vn tightlv oppressed to the pla>ma membrane, it 
is bv no means dear how such a membrane per- 
meabili7.ation bv PEG could work for the double 
membrane of the chloroplast when intact proto- 
plasts an* treated with PKC, Nonetheless lhO- 
rnediated piastid transformation in tobacco proto- 
plasts, followed bv regeneration of genetically 
stable transplastomic plants* appears to be a 
reliable and reproducible technique and ? has been 
used successfully bv several laboratories. * 

In addition to technologic for stable genetic 
rransformahon of plasnds, several methods tor 
transient gene expression have been desenbed, 
including in nrywcifo systems introducing DNA 
I isolated piashds^ and h, vivo methods 
employing particle^ bombardment 31 ^ or microin- 
jection "technique. u 

The molecular biology of the 
transformation process 

Stable piastid transformation in both Qhlamydo- 
mom* and tobacco appears to be strictly dependent 
on integration of the transforming DNA into the 
piastid genome bv homologous recombination. 
Fortunately, plastids have inherited from their cya- 
nobacterial ancestors an efficient RecA-rvpe system 
of homologous recombination.' Any plasbd gen- 
ome manipulation therefore requires that the 
sequence to be introduced into the piastid genome 
i*. flanked on both side* bv regions of homology 
with the chloroplast genome. 1 "- Although the 
minimum sequence requirements for emcient hom- 
ologous recombination to occur are currently not 
verv well defined, it is generally assumed that 



upwards of approximately 400 bp flanking region 
on each side, chloroplast transtormants .\r v 
obtained at reasonable frequency- Longer flanks 
appear to be beneficial but no careful correlation 
between size of the homologous regions and trans- 
formation fnsquency has been established to date. 

It seems reasonable to assume that the primary 
piastid transformation event involves the change of 
onlv a single or at most a few piastid genome 
copies (within a single chloroplast) out of the 
-10,000 ptDNA copies present in a leaf mesophyll 
cell (Figure 2), Consequently, primary transpUs- 
tomic cell lines contain a mixed population oi 
wild-type and transformed piastid genomes 
(Figure 2). Such cells, tissues or plants an* also 
referred to as heteroplasmic (or, more specitically. 
"heteroplastomiO' It has been known for almost a 
centurv** r that heteroplasmic situations are 
genetically unstable and, more or less frequently, 
resolve spontaneously into either of the two tvpes 
of genome homogeneity (''homoplasrny''). TOs 
sorting-out of extranuclear genetic material .s due 
to random genome segregation upon organelle div - 
ision as well as random organelle segregation 
upon coll division. 

From this, it appears clear that genetic stability 
of transplastomic cell lines and plants requires 
homoplasrny, Homoplasrny can be achieved by 
allowing for a sufficient number of cell divisions 
under high selective pressure as exerted by high 
concentrations of the selecting antibiotic spectino- 
mvcin. For Chitirrtyd(mittna>, this is simply done In 
rebreaking the growing colonies on rresh culture 
medium containing spectinomycin. For tobacco. 
Hants with a uniform population of transformed 
genomes are obtained by passing the primary 
chloroplast transformant through additional cycles 
of plant regeneration under antibiotic selection: tis- 
sue samples an* excised trom regenerating shifts 
and re-exposed to regeneration medium with spec- 
tinomvein (Figure 1(d)). Typically, homopbsmic 
<or "homoplastomic") shoots an< obtained alter 
two to four such cycles of regeneration under flec- 
tion. Highlv sensitive assays have been developed 
for confirming homoplasrny and reliably proving 
the absence of any residual wild-type geiH\me 
copies, including large-scale seed assays and PU<- 
basod tests strongly favoring amplification ot wiW- 
tvpe genomes,** 

* In general, two levels ot heteroptasmy must be 
distinguished: (a) interplastidic hctcroplasmy, i.e. 
the presence of chloroplasts with wild-type gen- 
omes and those with mutant genomes within one 
and the same cell; and (b) intraplastidic heteroplas- 
mv i.e. the simultaneous presence o* wild-tvpe 
and mutant piastid genomes within one and the 
same chloroplast. Most likely, plabbd transform- 
ation and gradual sorting out of wild-typo gen 
omes involves both types ot heteroplasnn 
(Figure 2). Interplastidic hetcroplasmy is likely to 
disappear rather rapidly, since cWoroplasw exclu- 
sively harboring wild-type genomes are sensitive 
to the selecting antibionc and hence will not mult>- 
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rlv effe«>volv as transformed chloroplastv In 
a.ntrast, mtraplastidic heieroplasmy ,s P^bJbly 
more difficult to eliminate Since the antib.Of.C- 
^stonee pone ads as , dominant selectable 
marker in the >vnse that one or tew co F .es ol the 
resistance gene are sufficient to corner stance to 
S entire organelle. Consequently, there us prob- 
,blv no significant selective advantage of becoming 
homoplastic. Why then is it fe.is.blc to .sob to 
homoplasmic chloroplast Informants afto two 
™ r „ur rounds of plant n^nerahon on srxKt.no- 
mvcin-contam.ng medium? Assuming that trom a 
SSain copv number of transplastomes onwards, 
antibiotic Election becomes neutral, sortwij; of gen- 
ome types will be random upon plastid division. 
Random distribution of plasrid genomes during 
The organelle division process will Rive nsc 
occasionally to homoplasmio w»d-type chk.ro- 
pUsts or homoplasmic transgenic cWoroplas,^ 
Whereas the homoplasmic transgenic cWonp^ 
will be (at least) as compet,hvc as the ^plas- 
mic ones, the homoplasmic wild-type chlofoplasfc, 
wLU be antibiotic-sensitive and thus mav not multi- 
ply efficiently during subsequent cell division*. 
This model might explain how, over time, wild- 
JJpe gnomes a* gradually diluted out and even- 

—pi,, of tobacco or 

donwas chloroplast «^ fo 7™ tion 
resulting in the formation of episomal. plasrrud- 
Uko <5ements wj; However, in all these caw*, 
stable integration of the transforming DNA into 
'the plastid genome by homologous nxombinauon 
ali occurred and hence it is not dear whether the 
ptomal elements really replicate 
inside the chloroplast or alternately reflect rruru- 
circlelike recombination products continuously 
opting from the transformed plast.d genome^ 
Interestingly, biolistic transformation experiments 
S it gnWn alga Eugto* frocilis have provided 
e^dence for successful chloroplast .w«^«^ 
„ the absence of .my miration ot the 
ing DNA into the chloroplast genome> Instead, 
under select.ve conditions, transforming DNA was 
mainta.ned as an episomal element at : kw ugy 
number (approximately one copy per chloroplast^ 
uT currentlv unclear 'why E^lena xmaUs chloro- 
olasts do not .nt^rate transforming DNA .nw 
their genome by homologous recombinant. 

in vivo systems for studying plastid 
gene expression 

The possibility to manipulate plastid UNA 
*>iuvncTw in dim and reintroduce the a IK nO 
s^luences into the chloroplast genome has also 
Jv^he way to study practically all mechanisms 
of plastid gtw expression in in W svsfc-ms. Th.-s< 
studies have gre.itlv contnbuted to our under- 
standing of the rules governing plastid gene 
rx Division. . t 

Che development of ch.meric reporter «vnos tor 
Plastid gene expression has prov.ded valuable 



,ools for systematic studies of 
elements involved <n transcnpt.on, RNA maa&- 
oUsm md translation/-^ The uUA gene encod- 
ml ?VgU.c»ronidnse (CVS) has been used m most 
! S ,K .t»Hiu-s. but recent work has 
he e* <ene (encoding the tluor^ent pro- 

ciVcF'n als., functions well * plasnds (Table U 
wJon the coding region of the porter us tused o 
olastid cene-specific expression signals, ™?°™ 
£^ exp^ion reliably follows the pattern of the 
SS Vw gene." 
major as-acting sequence elements f£™™£ 

RNA stability and ^SrSTt^d 
cicnev reside within the 5 and 3 LTRs ot plastic. 

A. vrvo systems are paring* 
v^luiblJfor the studv of all those steps in plastid 
«^pSS S which no faithM or 
m vitro Sterns are available (or have not been 
avaUable 'until very recently), such as group D 
intron splicinR and RNA editing. Tobacco pl**d 
£SorLtion, for example, «» ^ 
used to studv RNA editing, a curious RNA proces 
%£Zp in higher plant eeQ organelles. RNA ecU - 
inft in pbstids of vascular plants is a poM- 
StvscripEcmal process that «^ « h ^J 
cvtidine residues into ur.cune. Edibng ^ents 
dually rt-sult in changes of the coding P«'^ 
7he am-cted mRNAs which has the drama*, 
consequence that amino acid sequences cannot be 
333? predicted from DNA *«^™*r* - 
As a faithful i« vitro system tor p astid 
ine was lacking until very recently, chloroplast 
SnSmaSon lxpc.fawni.hav. been 'he method 
,f .-hoiee to address functional, mechanistu. .mu 

cvolSru^ a^ts of RNA editing - Systematic 
doStioS and point muta^en^ ^ » 
dUxt the ci^Ktinfi elements .nvolved .n .-dtt in s 
Precognition and* define mimmum subs^o 
for plastid editing reasons, 5 * ^ ^.T^' 
„ -tudi,^ in transgenic chloropLsts have 

begun to *** *ome light on the molecular «Kxh ; 
lf ; ra of t hc editing reaction 5 ' and on tht k%oi 
S£T 5 Siting si^ and their ,rnu,^ 

^SsSSTidto aLso have been u.stru- 

, W -ntlv .dentifi.H.1 s,vond, nuclearn-naxied tran- 
c ^ ion" system utilising a bactenophage-^ 
RNA polymerase Compar^ve studies ot * *r o 
capped chloroplast tranwripb. from wius tvpv 
Jukts and trarvsplastomic plants lacking the P las- 
nd^ncoded RNA P polymerase- have ass.gned tran- 
SjSSrWtialiarT sites to the two transcription 
STms and. in addition, have suggested conM*- 

:r P r'ssion K in respon.se to developmental ...Hi 
environmental cues. 



Transplastomic approaches can also contribute 
to the identification of rums-acting factors involved 
in plastid gt'iv expression. In this respect, negative 
selectable-marker gene* are particularly useful 
since they allow to devise genetic screens for nucle- 
ar Rents regulating plastid gene expression. A 
negative selectable marker for plastids has been 
developed from the £. coli cytosine deaminase 
gene {cod A; Table 1) whose expression is leth.il to 
the cell in the presence of exogenously applied 
5-fluorocj'tosinc. ^ Introduction into the ptDNA of 
the cod A coding region fused to chloroplast gone- 
specific expression signals (promoter, 5' and 3 
UTRs) combined with mutagenesis of the nuclear 
genome would be a highly efficient approach to 
isolate both general and gene-specific frrtr/s-acting 
factors involved in the expression of plastid genes 
at me transcriptional and post-transcriptiona) 
levels. 

Chloroplast functional genomics by 
reverse genetics 

Complete plastid genomes have been sequenced 
from a number of vascular plant and algal 
spedest. The picture that has emerged from these 
extensive structural genomics studies is that the 
plastid genomes of green algae and higher plants 
are remarkably conserved in their coding capacity 
and genome organization. The majority of plastid- 
encoded genes can be grouped into two basic 
class**: genetic system genes (e.g. rRNA, tKNA 
artd ribosomal protein genes) and photosynthesis- 
related genes. 6 " 1 In addition to the many function- 
ally assigned genes, plastid genomes harbor a 
number of open reading frames of unknown 
function.** Those open reading frames that display 
a significant degree of intorspocific conservation 
are generally considered to br genuine gem^ and 
are commonly referred to as yefs (c-g. 
yctf hypothetical chloroplast reading frame num- 

The availabilitv of transgenic technologies for 
chloroplasts has facilitated the functional character- 
ization of plastid genome-encoded series .md open 
reading Irame* using reverse genetics approaches. 
In contrast to forward genetics, when;* the 
(mutated* gene causing an interesting phenotype is 
aimed to be identified, reverse genetics starts from 
a known ON A sequence contoirung an open rend- 
ing frame* ot unknown or uncertain function^* and 
aims at its mutational inaetivation in w». Lack ot 
the gene product encoded by the reading rramc ot 
interest is hoped to produce an analyzable pheno- 
tvpe whose careful characterization is expected to 
reveal the function ot the gene in the wild-type. 

Owing to the efficient homologous recombina- 
tion svsiem in chloroplasts, reverse genetics by tar- 
gi-Uil knockout analysis or site-directed 



+ Available online (http://www.ncb" .nlm.nih.gm7 
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mutagenesis has become a powerful tool for plas- 
tid functional genomics."" As describe above, 
chloroplast transformation technologies art- nowa- 
days routinely available for two model systems, 
the unicellular green alga Chlamydomona$ rdnlmrdtii 
and the higher plant tobacco. Both of these model 
plants have been used for systematic functional 
genomics in chloroplasts using reverse genetics 
strategies.^ 

A reverse genetics study in chloroplasts starts 
out with the construction of a mutant allele for the 
reading frame of interest by using standard in vitro 
techniques for insernonal, deletional or sitc- 
dinxrtod mutagenesis. Linked to a selectable mar- 
ker, the constructs are then introduced into the 
plastid genome by chloroplast transformation 
where the mutant allele replaces the endogenous 
wiid-type allele by homologous recombination. 
Obviously, homoplasmv of the generated traa- 
plastonuc lines is an* absolute requirment for 
obtaining stable and clearly interpretable pheno- 

^^onstrucbon of a null allele by deletional or 
insertional mutagenesis is the most appropriate 
strategy in those cases where the function of an 
open reading frame (ycf) is entirely unknown. Such 
gene knockouts performed in Chlamydomona* and 
tobacco chloroplasts have led to the discovery of 
several new gene functions in the plastid genome 
including a number of small subunits of the large 
pigment-protein complexes involved in the light 
reactions of photosyn thesis. K? * M7i:n IntenMmgly, 
chloroplast gene disruptions also have idennhed 
novel proteins that arc required for the stable 
accumulation of multiprotcin complexes in the thy- 
lakoid membrane without being integral com- 
ponents of these complexes. Instead, these proteins 
may serve as important auxiliary factor* in the 
assembly process of membrane protein complexes. 
Knockout analysis in chloroplasts have established, 
for example, that the proteins encoded bv the con- 
serve plastid reading frames yrfi and w'W an' 
essential factors for the assembly of stable photo- 
system I complexes in the thylakoid membrane.** •■ 

Homoplastic transplastomic cells can be 
obtained for all knockouts of photosyntheM- 
relatcd reading frames. This is because photosyn- 
thesis is not required under heterotrophic in vttro 
cultun- conditions: non*photosynthetic 0'/w"'i/i/e 
wwiitfS colb can be grown hetenVtrophically on acet- 
ate-containing medium and non-photosynthetu; 
tobacco cells grow on sucrose-containing tissue cul- 
ture media. However, tor several plastid genome- 
encoded reading frames, the generation of homo- 
plasmic knockout cells has turned out to be 
impossible indicating that these genes eiVi»de 
essential functions for cellular survival. Under 
selective conditions, these transpljstomic li»«> 
remain heteropla>mic with wild-tvpe and trans- 
formed genomes eo-evisting in a relatively constant 
ratio, 7 "'* This stable heteroptosmy suggests <i 
balanced selection in which tho presence of both 
genome types is required ior cell survival: where-i* 
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the transformed genome is essential to express the 
antibiotic resistance, the wild -type genome is 
required to provide the gene product of the essen- 
tial gene (that was knocked -out in tht* transformed 
genome). Ke lease or the seUvtive pressure tor 
maintenance or" the transformed genome (by culti- 
vation on antibiotic-frcc medium) allows for ran- 
dom sorting-out of" plastid genomics and eventually 
results in the appearance of homopasmic wild-type 
cells/" 

fn addition to knockout experiments, with chlor- 
oplast open n*ading frames, reverse generics ana- 
lyses are also of great value for the detailed 
functional characterization of known plasrid- 
encoded proteins by conducting site-dinxrted muta- 
geneses of the respective genes. In this way, crucial 
protein-protein interaction sites were mapped and 
important co-factor binding residues in elocrron- 
transferring proteins were identified. 77 Those stu- 
dies have contributed greatly to our understanding 
of the structure of membrane protein complexes* 
and have significantly advanced our knowledge 
about the bioenergetic pathways in the chloroplast 
(reviewed by Hippler <tt id. 7 *). 

Transgenic chloroplasts in biotechnology 

Ptastid transformation technologies have 
attracted biotechnologists, since accommodation of 
transgenes in the plastid genome instead of the 
nuclear genome bears a number of inherent advan- 
tages for plant genetic engineering/'"" 1 

Owing to the polyploidy of the plastid genetic 
system with thousands of genome copies per cell, 
extraordinarily high levels of foreign protein 
accumulation can be achieved in chloroplasts.*" 
Transgenic plastids are thus ideal expression fac- 
torit*s for high-vivid protein production. Most 
remarkably, expression levels of up to more than 
40"'> of the total soluble cellular protein have been 
obtained* 4 which is ten to ICX) rimes higher than 
upon nuclear traasgene expression in plants. As 
plastids have in their stroma a limited set of (pro- 
karvotic) protein degradation pathways**, it seems 
conceivable that at least some foreign proteins an» 
not only produced to higher levels but are also 
more stable inside the chloroplast than in the 
nuel» ^-cytoplasmic compartment. However, to 
what extern protein stability contributes to the 
enormously high foreign protein accumulation 
levels in transgenic cMorop lasts is currently 
unknown. 

Another advantage of transplastomic technol- 
ogies is that transgene expression is much more 
stable and uniform among transgenic lines. Nucle- 
ar transformation in plants occurs by more or less 
random integration of transgenes into unpredict- 
able genomic locations through non-homologous 
recombination. This results in transgenic lines with 
widely varying expression levels (position effects) 
and usuallv requires screening of large numbers ot 
transgenic plants to identity a line displaying 
reasonably high fansgore expression. Addition- 



ally, nuclear transformation experiments in plants 
frequently suffer from epigenetic gene-inactivation 
mechanisms commonly referred to as gene 
silencing. 1 ** By occurring somatically, epigenetic 
gene inactivation may even cause variability in 
transgene expression levels within one plant.* 7 By 
contrast, in plastid genomes, transgene integration 
always occurs by homologous recombination and 
is neither affected by position effects nor by epige- 
netic genc-silencing mechanisms. Thus, all trans- 
plastomic lines obtained from transformation 
experiments with a given vector are usually geneti- 
cally and phenotypicaHy identical and, in theory, 
the production of a single transplastomic plant per 
construct is sufficient. Hiis at least part Lilly com- 
pensates for the otherwise more laborious and 
technically demanding use of transplastomic 
approaches. 

Plastid genome engineering also offers unique 
advantages for the simultaneous expression of 
multiple transgenics ("transgene stacking"). Trans- 
gene stacking is technically difficult in eukaryotic 
genomes, since multiple transgenes cannot be 
expressed by co- transcription. This is due to the 
mechanisms of translation initiation in eukaryotic 
cells* 1 which normally permit only translation of* 
the First Cistron in a polycistronic messenger RNA. 
By contrast the principally prokaryoeie organiz- 
ation of plastid genomes allows expression ot mul- 
tiple transgenes from operons, since downstream 
eistrons of a polycistronic messenger KNA are 
faithfully transiated.^^ because related biosyn- 
thetic genes in bacteria are often organized into 
operons. this opens up the attractive possibility of 
introducing novel biosynthetic pathways mto plas- 
tids by expressing entire bacterial operons. As an 
alternative to traasgene stacking by expression as 
operons, co- trans format ion can also be used to 
insert multiple unlinked transgenes into the plastid 
genome. Moreover, techniques have been devel- 
oped to nxrycle the antibiotic -resistance gene alter 
successful plastid transformation. Such >trategies 
for selectable marker removal from rransplostomic 
cells involve* either ct ^transformation or homolo- 
gous recombination in direct repeals Hanking the 
marker gcne. ,,u ' u 

Transplastomic technologies are also advan- 
tageous for ecological reasons. In the vast majority 
of aogiosperm plant species, chloroplasts are 
passed uniparentallv, maternally to the next gener- 
ation (Figure This is due to either exclusion 
of plastids by unequal cell divisioas upon pollen 
grain mitoses or degradation of plastids and plas- 
tid DN'A during male gametophyte development."' 
Consequently, the sperm cell fertilising the egg is 
free of plastids and plastid DNA, hence the zygote 
receives its plastids exclusively from the egg cell 
without any contribution from the pollen, This lack 
of pollen transmission of chloroplast genes and 
transgenes (Figure 3)^^ addresses two major pub- 
lic concerns about transgenic plants: (a) the proh 
ability of uncontrolled spreading of transgenes *■/// 
pollen from fields with transgenic crop** to *;eM* 



Figure 3. Uck of pollen transmission of ehloroplast trartsgmt* due to uniparental. rn.iu-rn.il pListtd inhentamv. 
Sii%is trom rodprocol crosses of a tronsplastomjc IoKkco p^™ with a wild-type plant wiw polluted on specttno- 
mvcuvcontaining synthetic medium. FT progeny obtained bv pollination of wild-type flowers with pollen trom a 
traaspLiMtumic plant is free of the ehloroplast tr.iru.pw and hence uniformly sensitive to the antibiotic flcft). By con- 
rr^t/.-rnoMTubtoii flowed trom IMnspUshimiC plants pollinated with Wild-type pollen K ivr to UK)", Npevtmomv- 
cin-resistant progeny (right). 



with non-transgenic crops; and (b) the possibility 
of outcrossing through pollen transmission of 
trart?»gt*nes from transgenic crop; plants to Mated 
wild species (for example, from cultivated oilseed 
rape, 8ra$$ica napus, to its weedy relative, Brasaica 
rapa)""' Thus, by providing transgeno containment, 
transplastomic technologies ensure much higher 
ecological safety than classical transgenic technol- 
ogies involving nuclear genome manipulations, 

Those advantages of transplastomic plants over 
conventional transgenic plants make ehloroplast 
transformation technologies a promising tooj for 
biotochnologists which has the potential to solve at 
least some of the technical problems associated 
with classical transgenic technologies and, in 
addition, minimizes the ecological risks upon 
release of transgenic plants into the 
environment. 7 *' 1 ' 7 However, the wide use of trans- 
plastomic technologies in plant biotechnology cur* 
rentlv encounters one serious drawback: at 
present, ehloroplast transformation is routinely 
available only for a single higher plant species, 
tobacco. This is because tobacco is by far the most 
oasy-ro-handle species in plant tissue culture, 
allowing for the development of highly efficient 
st-Uvtion and regeneration protocols for the pro- 
duction of transgenic plants- Limitations in the cur- 
rently available tissue culture svstems are 
considered to be the main obstacle to the extension 
ot tmnspla>tomic technologies to other species and, 
most importantly, to major crop plants. Although 
recently some progress was made with Arahidopfii* 
and potato chloropla>t transformation * KtM ' a?, well 
as with the generation of (heteroplasmic) transplas- 
tomic cell lines in rice. 1 " 0 a complete protocol for 
the priKtuetion ot fertile transplastomic plants has 
not vet been reported for any other species but 
tobacco. In fact, of the three chloroplast transfor- 
mants generated to date for the model species of 
plant geneticists Arabidvpsis thulitvia, all were ster- 



ile and hence could not be propagated gener- 
atively.** However, with the current acceleration of 
research in this area, rapid progress with plastid 
transformation systems tor agronomically import- 
ant plant species* will undoubtedly be made in the 
near future. 

For the reason discussed above, ail biotechnolo- 
gical research conducted to date with transgenic 
chloroplasts has been carried out in tobacco. In 
spite of this limitation, the results of those studies 
have impressively demonstrated the enormous 
potential of transplastomic technologies for the bio- 
technology of the future {reviewed by Hoger & 
Bock; 74 ' Table 1). 

Most crop plants hove undergone centuries of 
brooding. Their efficient cultivation in modern agri- 
culture is largely based on monocultures where 
plants are exposed to weed competitors as well as 
viral, bacterial and fungal pathogens. As thi> 
results in significant annual harvest losses, the 
introduction of resistance genes into plant genomes 
by genetic engineering provides an attractive meth- 
od ot creating highly productive plant varieties not 
attainable by classical breeding, taking advantage 
of the extremely high foreign protein accumulation 
levels that can be obtained in transgenic chloro- 
plasts, expression ot insecticidal proteins*-^ "** 
and herbicide-tolerant enzymes'^^ from the chlor- 
oplast genome has proven to be a very efficient 
strategy for successful resistance management and 
weed control. For example, insecticidal Bt toxin 
protein expressed from the tobacco plastid genome 
accumulated to up to more than 40",. of the total 
soluble cellular protein and the transplastomk. 
piants were highly toxic to insect pathogens, in 

bliUNN.lVS. M 

Plants also have considerable potential for the 
production of pharmaceuticals, edible vaccines and 
antibodies ("plantibodies"), since they provide a 
cheap source ot protein and various second a r\ 
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metabolite (for a review **v, e.e,, Giddings rt nl. xtr "). 
Recently, the human growth hormone (somato- 
tropin)' was successfully expressed from the 
tobacco plastic! genome and shown to accumulate 
to hi^h levels (,*7"« or total soluble protein). Inter- 
estingly, the eukaryotic protein somatotropin was 
>ynthCSi/Ced in chlorop lasts in its convct, disulftde- 
bonded form and proved to bo biologically active 
in bioassays. l,n rhis study represents a tirst prom- 
ising step towards the use of traasplastomic plants 
as factories for high-yield production ol biophar- 
tttaceu Heals. 

For certain applications, it may be desired to 
restrict plastid transpme expn^ssion to 0 particular 
tissue or developmental stage. This can be 
achieved by placing the transgene under the 
control of a' pho^e T7 RNA polymerase promoter 
which is normally not recognized by the 
pUstid transcriptional apparatus, Plastid transgene 
expression can then bo switched on bv a 
nuclear-encoded and plastid-targetod T7 KNA 
polymerase. UH Expression of the nuclear T7 RN'A 
polymerase gene can. in turn, be controlled by 
tissue-specific or developmental sta^e-speci fic pro- 
moters or* alternatively, can be made dependent 
on chemical inducers ot" gone expression.*' 

Clearly, transplastomic technologies aro still far 
from bein^ routine t<x>ls for plant bioteehnolo>;isfei 
and some technical limitations have still to be over- 
come. However, the feasibility studies conducted 
to date have impressively demonstrated the j^reat 
potential of plastid genome engineering for a var- 
iety of biotechnoio^ical applications. High-yield 
protein and metabolite production as well as effec- 
tive re>i.staneo management are potential areas in 
biotechnology where transplastomic plants may 
replace classical transgenic plants in the foreseeable 
future. Moreover, the increasing ni«ed to introduce 
more than one transgene to' express traits deter- 
mined by multiple genes,"* will certainly make 
plastid transformation technologies more and more 
attractive for plant genetic engineers. 

Notes added in proof 

A recent report describes the use of a betaine 
aldehvde dehydrogenase gene as a novel selectable 
marker for tobacco chloroplast transtormation 
(Daniel!. H-, Muthukumar, B. & Lee, S. B. (2001). 
Marker mv transgenic plants: engineering the 
chloroplast genome without the use of antibiotic 
election. Curr, Gcrtct. 39, I0*M16). 

The Crc/lox site-specific recombination system 
was successfully used by two laboratories tor effi- 
cient removal of selectable marker genes from 
transgenic chloroplast genomes ( Ha jdukiewiae, P. 
T. I, Cilbertson, L k Staub, J. M. (2001). Multiple 
pathways for Cre/lox-mediatod recombination in 
plastids. Plant /. 27, 161-170; Comeilie, Lutz, K. 
k Maliga, P. (2001). Efficient elimination of select- 
able marker genes from the plastid genome by the 
CRE-lox site-apeciflc recombination system Plant /. 
7.7. 171-1/8). 



The most recent development of a plastid trans- 
formation $v*tem for tomato (Ruf, S., Hermann. 
M., Berber. L J., Carter. H. & Bock, R. (2001). Stable 
genetic transformation of lomato pli.sh'dv 
expression or a foreign protein in iruits. Sttttur liio 
tcclmoL 19, in press) provides a first sy.stem for bio- 
technological applications of plastid genome 
en^in*.vnn>; <n a food crop with an edible fruit. 
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Metabolic engineering of essential oil yield and 
composition in mint by altering expression of 
deoxyxylulose phosphate reduct isomerase 
and menthofuran synthase 

Sohod S. Mahrnoud and Rodney 8. Crotcau* 
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N pf*rmmt(Me n nW x>pant»Uvm i ndedcn dHi t ry t 
w*tb a nomplooovs sense ve/sion of trie Wco*y*o-*ylu*©»»-> 
pnospfttU rwtudtttMMfivrm cDtiA and with a ho iwo t ogo u a aid. 
una w»ow of tfie trte n tbo f wra n ivrro^asccPNA. bath drivon by 
the Cmmv 3SS inwntf fcr . Two groups of tOfvoganfe plants ware 
In the radUCteoomatmr npvrimafm. en* d* %vhkh 
in appearance and development; aiodw w*> 
Owftcient In cMonspftyff production and grew stewly. Transgenic 
plants of normal app ea rance and growth habit expfmaed the* 
rapMOoiaomamw transgenic strongly end cotwaJtytfvaly, ea deter- 
mftnod by **** Mot *n#»yin. and evuet enzyme essay, And these 
piano accumulated *4»s«t»«tie*y mora esseflttal oil {about 30% 
yield unr****) wfthoutcrumfte in monote#pene cainpowtw «onv 
pared vwth w*d<trP«. CMof»nnyfk4erltterit pbnH dial not affiant 
Obvscejajie loducislsoo^wjna^ fa 

lais ess****! oil than #Md wftd<*ype plants, indicating cnsjtrsprejs- 
MOfi of the iwSwXtOfsomensse gene. Plants transformed wrth tho 
efrt W iyc version of the mc o tn o f w an sy nd uftw CDWA wort non w l 
In ap p aaranca but pnadMCPd ao than haf f of ihe> undosirabW 
mo np t ef panc component UW> old wSd-typa wa rn un wwn under 
unsireved of stressed conditions. These es^CrlfnentS 
tfwtowrHWcH quarrtStyand quality can ba f op utamd by 
bottc e ng ineering. Thus, aresrauen of fha commu ted etrp erf eW 
wwjvasoneeo i raS ananrta nt p at h wj y f ur typpfy of terpenoid tnojr* 
wn i mp r o ve s flux wim u gh ft* pathway that bW» to i ncm a jicd 
uiu no ta r y en e producUon, and anwense manlauMen of e *r- 
locCM do wmow n monotsvpen* b^MynOwtk step toads to 4n> 
o<l 



ptppmilnc | am***? x awrfc I menotmwnabfevnthe?* 1 

Isoprenoid* arc a large Md aruccuralry diverse family of 
compounds Out play essential roles in plants as hormones, 
photo*rnth*t«c mgmcrea, electron carrier]* and membrane com- 
ponent* and that alio serve in conuitunicabon and defease (}), 
Although «oprenoid5 arc onivcrsaUy synthesized tfcrough oon- 
densadonf of the (We-cirbon compound isopanteny) diphos- 
phate (IFF) and ito air/lie isomer dncthylalryl diphosphate 
(DMAPP), tvo distinct and indopondent biosyntheric routes to 
these precuxsor* exist in plants. The cyinsolic pathway to XPP 
QFip hi) starts from acctyl-CbA and proceeds through the 
classical intermediate mevalonic add to provide precursors for 
the biosynthesis of sesquiterpenes (Q^) and b*it*fpeoe* (Qn) (2), 
The plastidial pathway (FifcV w*) is initiated by the tranifcetolase* 
type condena«t»on of pyruvate (cvbOXB 2 and 3) and gtyceml- 
dchydc-3 - phospha ce to l -deoxyxylulOie-5-phosphaCtt (OXP) T 
foUowed by the uomerlzatioA and r«doaton of this intermodiatc 
in 2*C-mrthyArrythhtoU4-phoaphatc, tbrmatrorj of the cytidine 
5 ^diphosphate darivarrve. phosphorylaiion at C2, and cyellza- 
tian tQ 2^*mexhylcryth/ico^2,4-cyclodlpha5phate a» the last 
denned step (>~6). This plaaddiai pathway provides precursors 



for the biosynthesis of isoprcne (Q), monoterpeeeA (Cu). 
Uiterpcnw (do), and totmtcrpenei (C«) (4, 7), and ccnes 
encoding each enzyme of the pathway, up to formation of the 
cyclic dxpfiosptiarc, have been isolated from plants and from 
c\i bacteria in which the pathway also operates 

Transgenic manipulation* of the mcvalonAte-inJcpcn dent 
(OXP) pathway mEsckencHia cot* have Indicated that ITT 1 and 
DMAFP iHcely arise mdepeodcntly by branching of the pathway 
(2Q) and that overexprcssion of the first pathway gene, for DXP 
synthase (PXPS). increases caret moid and ubrquinoae biosyn- 
theua (7,t, J^); manipulation of the mevalonate pathway thai 
operates in yeast also tcaulb in tner eased carotenoid production 
(2?). Studio on the results of ovu obtu sion and underexpfaa. 
slon Of OXPS in Awmbidopsis have reennily indicauad (hut this 
enzyme catalyses a slow uep m the mcvalonaxe«independoi; 
pathway to plastidial rsoprcnoids (eblctfophyUi mnd carotcnoid}) 
(24), and considerable literature cxnts on the transeenic alier- 
atton of hydroxy mcthylglutaryl CoA mduOuse in plants and tho 
influence on cytoaohc *opn?\oid production (sns<)uiterpen6 
phytoalcxinf and phytoicernis); however, the roles of the various 
reductase tsofomc in deferentially rc£uiatin£ the mevalonate 
pathway arc not fuify dea/ (25-28). The eonlml of f lux through 
eacb pathway of nopvenotd bmynthcaht in plants, in wbkHwth 
mcvaionare and mevaJoAat^mdependeni (DXP) pathways op- 
erate, and the level and means of inteeactioo between the two 
patUwayi are of considerable inter est in the context of both 
primary and secondary plant mctaboltvm. 

Moaoterpcnos comprise the major component* of the essen- 
tial oils of the mini family (L-amimremc), including peppermint 
(Mentha X piperita), which has been developed as a model system 
for the *(u£y of monotcrpene metabolism. Peppermint oil is 
chemically complex, and the HosynrJietic pathway leading to the 
major monoterpeae component (— )-meuihol (Fg. 2) mvolves a 
broad range of representative reaction types of terpenoid me* 
u holism (c& f cydixarJon. hydrojiyUtiori, redox transformations) 
(79). Monoterpcne bassynthCMs in mint is specifically localized 
ro the glandular rrichomes (30) and originates in the leueoplasb 
of the secretory cells of these highly spfcjaliifd oonphotofiyn* 
rbe^ic epidermal structures (31). Dunne the brief but intense 
period of secretory activity (32, 33X monoterpcne bio^yn thesis i» 
dnven by phtstidml supply of 1PP and DMAPP via the DXP 
padxway; Lheeyiosbliemevalouate pa thwsy is also inactive a: tbh 
Mage of oil filand development (34 ). ft is of mterett to determine 
whether flux through the mcvaionate*iedependent pathway is 
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limiting during tha period of very rapid terpenoid biosynthesis by 
manipulating this route for precursor supply. Sech a finding 
amid nave important implicit ions for production of the essential 
oils 40d other wpenoids of enmrnerckai wtfnificancc (35), 
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the rv i mom i bk* enzymts arc: !> ^mnyd 6ipfto»Mif tyMhtoe, Z) (- 
frare-goptpftarttl d» h yrfro«WAasc: 5) < -HiopipvrftmrMfvdac&n; 



Because DXP is. un intermediate not onfy for UT and DMAPP 
bwymhcstt bur also for cae bx&ytttho** of thiamin jufrd pyrid* 
oaol (36> 37% it h the convert of DXP Co mcthfrUrytiiritol 
phosphate (Fig, 10), catalyzed by DXP rednetoUomerase 
(DXR) (11), Chat represents tha eomxmlied »fcop m the produc- 
tion of IFF. In thi* paper, wc report Che transformation of 
peppermint with the homologous cDNAIor DXR (12) under the 
control of a strong constitutive promoter and describe the 
influence of modified expression of this gene on otcntiil oil 
production yield and mint physiology* 

( -r }-MenthafuxaA is an undexirtble monohsponoid corapo- 
aent of peppermint thai h derfcod from the a,^oasmtvrated 
ketone ( +)fpulejiane (38) (Fig. 2); it contributes ofWbrw ay die 
isolated «&usnual Oht and promotes off -co lor on storage (39. 40). 



The content of racntbofuraa can roach industrially unacceptable 
levels m plants raised under stressful environmental conditions 
(high temperature, drought, low tight Intensity) (41, 42), over 
wbicb commercial miot growers have very limited control. A 
cDNA-cncoding cytochrome P450 (i-)4QenfJiofuran vynthase 
(MFS) [( + )-pulcganc-9- hydroxylase) was recently isolated from 
peppermint (38), thus offering « direct, bat heretofore unex- 
plored, mentis for transgenic manipulation of mcnthofuran 
production, la dm paper, wc also rcpon me tiant/ormtbon of 
peppermint whh the antLcenae version of (-r)-MFS (39) under 
tlie control of a strong constitutive promoter, and w© describe the 
influence t decreased expression of this gene on the composi- 
tion of me cental oil produced in stressed and unstressed 
plants. 

Materia* and Methods. 

nm/n Material Peppermml plants (the sterile uybndAfmtfra X 
piptfiut L, cv. Black Mixeuani) were propagated from rhizome* 
and stem cutting* in flats eonraiaing peat me^piMnioc/sand 
(55:35:10, vol/ vol/vol) arid were grown under controlled coti- 
ditioas at 500-600 ^npl m' 1 i" 1 pbOCOsynthoiiCOliy active radi- 
ation at piani height, with a photoperiod and a 26*<?T5*C 
(dapr/night) temperature cycle (43). To induce moderate stress, 
which alters oO composition by increasing the levels of (►)- 
menihof utan ind (+)-pulegone (41, 47.). chit photon flux density 
was reduced to 200-300 pmo\ m~ ? s~\ and the ntght temper*, 
tsrewas increased to 2TC. AH plants were watered and fertilized 
daily with a complete fertiliser (tyV/R, 20:20:20) plus iron 
chelate and roicrwiucricflCx and all flat* were grown io complete 
confluence, then pruned and repawn to maturity (prcf lower- 
ing) before barresticg for oil analysis. 

Vceiar to iibfy nod rtawt T #jpjf ww ^ twn. The parent vector 
pGAdckG/Nuctcar Induiion-b protein (Nlb)X was provided 
by J, C Carhngton of the Institute of Biological Chemistry. This 
vect r is derived from pGA4S2 (44) and contains a/r^uceroo- 
idase (GUSVNXb gene fusion inserted between the CaMV 
undom 35S promoter with duplicated enhancer and the 
Agrobacurmm SOS tiunscWpttonal terminator. The GUS-NIb 
fasten was erased *ithEc6KL/Kpnl and replaced by ligation 
with the DXR cDNA, which was amplified from the original 
done (12) by uring forward primer (5'-ACTGTCGAATTCAT- 
CCCTCTAAACTTGaTGGC*J) and reverse primer (5'- 
ATCCCTQCTACCOCrCATACAAGACCAOOAC-J) to 
introduce the respective S'-EcoRl site upstream of the start 
eodon and 7-Kprtl she downstream ol the stop eoOon. Th* 
C6dui& region (aft(iscn>c vmion) of the MFS cDNA (38) was 
amplified by PCR by using primer* (3-CGCCGOGAA 1 1 C I - 
CAAGATTGACGTGCaGTaGCJ) and (5-CGCCGCGG- 
TACCATOOCCGCT CT TCI A GO ') u> generate anEcoRI site 
and a Kpal site ic the respective 3'. and ^-termini of rh» eene. 
The resulting gci-purifiea ampiicon was digested withScvR 7 and 
Kpnl and lifted into similarly prepared and ceJ purxfkd 
pGAdckO/Nlb,L to replace the original GUS-NIb insert as 
before. 

The scquoncc-vexified constructs were electroporated into 
A&obactcrlum iumefadtm strain EH A3 05 by using the Micro- 
Falser (Bio-Rad) according to the manufacturer's protocol. A 
(ingle tranafocmant bearing each construct was isolated and 
grown \ log phase in minimal medium (45) containing 30 wp> of 
konamycin L" 1 and 30 mg of rifampicm l"\ harvested by 
ceauifugation, fesuspendod in minnnai medium containing 0*2 
mM acctosynnxonc, and used to infect peppermint leaf discs as 
previously described (46, 47), After regeneration by established 
protocol* (40, 47), rooted plantlca were transferred to toil, 
tcchmated, and then moved to the graeahouse and prop«gi4wi 
as above. 



rna Mtv and flat Analysis. Total KNA w»» extracted from 
immature (1-2 cm) and fully expanded (>4 em) peppermint 
leaves by using the Trinol Reagent (GlBCCyBRL) acoordiag to 
the luppficr's protocol. Ton micrograms of denatured RNA was 
separated by electrophoresis on a 1.2% Ag>ro^c-foxmaldehydr 
gel and transferred to a Hybona-N nylon membrane (Amersham 
Pharmacia) by standard protocol (s8)^r-labeled DKA probe, 
prepared by random priming of the cDNA oncueieg DXK, was 
oBcd to detect dm corresponding mRNA. Prthybridueation wa^ 
conducted at 65*C for 1 h m 0l> .m/on 2 of Rapid Hyb buffer 
(Amersham Pharmacia), followed by hybridization with the 
"P'UbcIed probe (tt x lf/cpm) under the same conditions for 
2 h. and then washing in 4 x (15 mio, room temperature). 2 x (15 
mm. 65*C) t and tx (IS min. 6S*C) SSC conUining ai%,SDS 
before exposorc to Kodak X-Omat x-ray film overeighl. 

tfuywm Hwirtinw and Assay. Soluble enzyme extracts from pep- 
pcrmtnr leaves (7-3 cm m length, OS g) were prepared' by a 
standard proce dure (49). The resulting solablc enzyme traction 
(ft ml) wus then suspended with centra ic hydraxyapacice (Bio- 
Rjd, 2 g matrb/a m! extraa) that had been prewaxhed and 
ee^ilibrared wjOi eximerion buffer (20 mM potassium phosphate 
(pH 6JV/10 mM sodium ascorbaie/io mM Mg(%/1 mM 
DTTJ. The slvrry was gently mixed for I h at 0-4 # C toallow 
protein adsorption, and the maorix w«3 then removed by con* 
irifngauon io provide a supernatant essonuaUy free of phospha- 
tase actmry mat inierferes wUfc the DXR assay and neomycin 
phosph o tr a nsferase (NPT) assay. The KPT assay followed an 
ottabifshed literature procedure (50). Tbc preparation of the 
substrain [M 4 CJDXP and the details of the radio-HFXjC-bascd 
<otay for DXK activity have been previously dacribed (12). 

Csaeimal Oil Anarysli Confluent flats of transgenic mint or 
wfld-lype (WT) uvntrolft were grown to mAtU/iry (flower bud 
Stage) und were mdrodually harvested and froaten ar- 20"C. The 
froscn tissue was then manually crushed and mixed to ensure 
sample uniformity, and three 1 0-gram samples from each trial 
(large-Mem fragments were exduaed) were taken for Mtnulu- 
noous steam distillation- pentane extraciion iu previously de- 
scribed (43) by nsinr; (+)-camphor an inicmaJ standard. 
One-inicroiiccralHfuutsof the diluted distillate were anaryzed for 
terpenoid content by gas chromatography (And coupled gas 
chromatography-majw apvctrowierry) as described elsewhere 
(43 X and the produca were quantified (in milligrair/gram tissue 
fresh weight) by comparison of detector response with tbat of the 
internal standard. 

Besvrts and Msotnaioa 

The first step of the plasrjdial mevaioaatn-independeni pathway 
for the pro^hicrioo of isoprenoid precurtorx Lt c^taJyxcd by DXPS 
6) a which also auppltes preeurvor (DXh see Fig. 1) tor the 
synthe&is of thiamin and pyVidoxol (3d, 37). The second step of 
the pathway b catalyzed by OXR (for the Convanion or DXP to 
meihylerythhtol phcephate: see Fig. T), which is considered the 
committed stop in the supply of terpenoid precursors (11) and 
thu$ <t potential target for control or flu* through this branch of 
the pathway* There have been no previous attempts to manip- 
ulate DXR or bo evaluate the influence of this or any other gene 
Of the meyalonatc^indcpcndcnt pathway on the production yield 
of essential oil terpenee. A cDNA encoding DXR was isolated 
from peppermint (12); thb 1,4^-nt sequence encodes a prepro- 
tein bcarmjr an N-tcrrnjnaJ piastidial peptide that directs the 
enzyme to the ntastids where the nicvaJcmetc^ilkpendcni path- 
way operates. The mature enzyme co m p ri ses about 400 amino 
add residues with a size of about 4X> kX>a, and lt resembles other 
reductoisomcrasas of plant and eubaclerial origin (51). 

.("♦")-MF5 was recently demnnstrated to be a cytochrome P450 
enzyme capable of byd/OAyLabng thciwt (C9)'mcthyi rjoup of * 
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(+H>uJegoae, which leads to rpoaianeoiu mtramolecuiar cy- 
cii2ation to (he hemvkctal and dehydration to the furan, to yield 
thii commercially utxfesirahle essential oil component pS). An 
abvnd nf cytochrome P450 done from a peppermint oil gland 
cell cDNA library (52) wns funcOonaJly ex prowl in&ccto/v- 
H><e*<v*virie*aad£ cou and shown to encode MPS (38), [bus 
ottering a transgenic means for control of meothofuran produc- 
tion. The tulMcagtb cONA contain* 1,479 nucleotides ud 
encodes a protein of 493-«* rcwduci of molecular weight 55,360, 
which bears a typical N-t ermiiial membrane inscnion sequence 
and all of the anticipated primary structural eiaments of a 

Cytochrome P450. 

rvasaraooa and U wh uti Mi of TrtnslanwS Phwte. Genetic transfor- 
mation of peppenninwa* accompii&hed by an established protocol 
by usingX atmefitdenssxrun EWA10S («6> 47) and a binary vector 
0OA4S2 (44) containing and the fuJI-lenglh (seme) 4br con- 
struct (12) or the resistance gen* and the anfcscuc voreiga afrn/ir 
(38), Subsequent regeneration and selection from leaf disks trans- 
formed with tnesonse version o6ftr yielded 57 Jcanaffiycm-resittvnt 
plants, and of leaf c&b transformed with the ann»enso version of 
mfx yielded 19 kanamyctn-rcsutant ptanta. Gen* transfer m both 
cases was confirmed directly by assay of loaf extracts for expression 
of the seloetablemarker^f) (30), and all NrT"-posuivc plane* were 
propagated for forth er analysis. 

An 1 7 oT the verified aansformaats bearing the antisensc MFS 
cDKA and most transgenic plants transformed with the DXR 
(sense) cDNA (42 plane designated the TI group) were indis- 
tinguishable from WT planet. In the populmtion afefcer transior- 
mants, 11 plants (designated the TuA group) did not develop 
normal pigmentation; instead, the leaves appealed uniformly 
lighter green, suggesting that chlorophyll synthesis was impaired' 
These plants rww more rfowly tnd produced less btomast than 
did Wr. A third Croup of<i<r-tJXuaf6rmana (four plants desig- 
nated TUB) alio lacked normal pigmentation in a mosaic 
partem. 

To determine wuethor the phenorypic variation observed in 
tho rfsr-tramfonnanci correlated with the expression pattern of 
the <sxr transgene, total leaf RNA waa isolated for Northern Mot 
analysis by using the DXR eDN A as probe The results showed 
that DXR mRNA was strongly expressed m young leaves of WT 
plants and TI pUnts (WT appearance) and was easily detected 
in mosaic pi ants but not in leaves in which dxr was apparently 
cosupptessed (Fig. 34). In fully expanded leaves, the DXR 
message was not detectable in wt (or corappressed) plants; 
however, the levei of cha transcript increased argitiHeanOy m 
proportion to total RNA in TI tranxgemcsend vs»j mho observed 
m TUB mosaic plants (Fig. ZB) t Because ihe DXP pathway 
operate in plastids to supply precursor tor the biosynthesis of 
essential roetabolitea, such as chlorophyll (4. ty. the mgh-lovel 
expression of dxr in young leave* H not aurr/mtog; A? leaves 
matUTv* however, the expression levels of many genes, including 
dxr, might be expected to decrease In transgenic planb, the 
DXRcDNA was comrjttutivciy cxprcsied ander control of the 
DMV 15S prooioter (53). Thus, as leaves mature and many 
genes arc develop mentally silenced, the CaMV 3dS promoter 
remains active, resulting in an increase in the proportion of 
transgene DXR mRNA to total leaf RNA and, as a consequence, 
may maintain DXP pathway function. In the TUA fifoup, DXR 
message was not detoct^hly expressed m immature or fully 
expanded loaves, as determined by Northern blot analysis (I-ig. 
3), iadicAtmg thai tb«xfxr gene wi$ eosuppressed (54-50) in these 
plants Such down-regulation oidxr woald very likery cotzmco- 
fnise ch lorophyt I bioxyntnesia and result m tne piienofypic lack of 
pigmentation observed. 

To aaseas DXR activity m iran^genic plants DXR assays wore 
per loaned wKh soluble protein extracts from devdopmg leaves 
of pknts in each phenotyptc category. Hick results correlated 
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welt with the Nonhern Mot data, in that extraeo of TI plants that 
over-expressed the DXR cDNA contained two to four time* 
more DXR aerivfry (on a amolh* 1 mg of protein' 1 basis) man 
did the corresponding extracts rrom WT pluntv. Conversely! 
DXR activity w«s not detected m extracts of plants in wbithcbr 
was seemingly cosuppressed, although at least low levels of DXR 
activity most have been present in these plant) because they did 
grow, albeit slowly, and tney were not albino. 

eftectfc an ta a n tfaf OH wraaa tt^ n aad Ca n » ash1 sa> Bocuusc glandular 
trichome rnetajboiiSKn in mint is largely dedicated to moooterpene 
production driven by procunor sunoiy from the piastidinl DXP 
pnthwmy (7. 12, 34)^ it was reasoned ffiai alteration* m pathway flux 
because of changea in dxr exincsuon should be observable at the 
level of essential OQ accumulation. Essential oil analyse of mint is 
easily accomplishod by steam distillation of leaf tissue foUowod by 
£1* cfcnraatogiophic separation of cornponents of the oneUlate and 
quunoTieanon by using in internal standard (43). these analybeal 
results (Table 1) demonstrated that most plant* in the TI group 
accumulated mom oil than WT plants (up to neariy 50% merease 
m od yield). whcTcas plants ar^rmtly coaeppreaaed foa^ fTClA 
group) produced ten oil than did control plants, These analyses 
further demonstrated that the comr>osirioo of the essential od of the 
transgenic plant* w«* armlar to WT in the majority of cases (55 
plants). However, two plana produced • na7iifiairttly different oil 
composition compared with WT and to the other transgenic plant*. 
One plant (dengnated DXRI6 of me HI group) arxuinulaxed 
higher quantities of menthofumn and pnlcgonc (Fig. 2\ whereas a 
second plant (DXR46 of rhe TI group) accumulated leu pulcgooe 
uDdmenihufunm r but more menthol, than did WTplans Otable 1% 
Additionally, piant DXR46 produced pipciftone oxide to a level of 
about 5% of total oQ; rh» compound aoi detaciod iu WT ur 
Othttr uwuqeenu; pUniv The atmormal oil compositions of JLPXK1 v 
»nd DXR46 plan ti arc not coosisteat with the** of other uaasgAiic 
plants in ihoir respedTve groups. Th«, rt seems like)y thut these 
changes m ouprofue are not caused by aJrerations xalxr expTcssjon 

but rather uc the result of ffbOrljOnuI off ecu Of the trvisgcne that 
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T*bl« 1, CntntMi qU yield and oompaUtwn of WT ptpp w mfait and ■o kc t t d Vinsfomunb cxp ronton, the sons* version of D» 
redurioiwoerwe fttft ptmts) and the antisensa venHon of mcnthofuran synvia&e (M*S plants) 
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serve, drnacUy or mdirectly, to dow-mailatc polrrane reductase 
(DXR16) and MF$ (t)XR46) (aoo ft*. 2), 

Xa the case ofpeppermmt pJusb trmfonncd widi ttw aatisense 
verskm or^x, moa (15 plants) produced nn oii of ocair average 
co m p ^ifUoo and yield compared with WT (dmtm i»oc stioom). 
However. Ibur of tboc pi^ou 3, 7, «nd T5) «ccuim4Med 

3S-5^% Ion (+)-mGMhotawi («nd 40^60^ Jess r>>puleg0oe), 
and jrabstaotialty more (-)-iiiexithoU than WT controls <Ttote X). 
Oil cvaloatioa over a period Of 6 months (four independent 
dixtsIUtion* and anmlysci) dcmoMrmted (hat Che MFS7 transgenic 
plant ooAMienily peoduood &<fi &mp*nibteykl4*^la*ar 
icveb of mcnthofortn ind puKtoaOi airdh*^ levels of tBemhol, 
than WT pianu. Thi» pattern of wcosnranacd oil yield and 
compofiiaoaal modificatkM porvsted even whoa pkab wcro crown 
under str« conditions (obumed by devaied mghi idtipenMure 
combiDCd with decreased piiotnn flux during do daylight period) 
that are kftown to promote the prodttak>o and oceuauUiion of 
menihofuren and pulcgono (41, 42) (TaWc 1). It is notable chat 
peppermint plana KUKfortned *\ti\mff in antbenac oncntadon 
(MPSl p 3, 7, and 15) produce an emntal o«1 very similar in 
coinposiooD to the DXR*6 plant trantfonnod with the seoac 
^»^c^th«roa^0^sotncn^(T^ 1 \ Tizz&mz that the toner 
ocan on uneroon that uucuvofe* the^ ccm (o proo^ a smrilar 
oil compoaxtionai chance. 

Comiuhom 

The Dttxcta results dueettcd to thr. man^puUcion Q(dxr a* <hc 
corn mined »tcp of the nirodonate-independent pathway to 
terpasoids soppon previous findings (24, 57, 58) **KhArabidcp- 
9» m whkh dnrupoon atdxpx (the gone anoodinc the Or** 
««p of the mevnionuto independent pathway) led to carry arrest 
of Chloroptafft development and an albino phenoiype. In the 
present instance. Doth essential oil and chlorophyll biosynihcus 
were impaired in the *br cosupprCMCd plants, but it was dear 
from the visible phenotype and twentiml oil chemorype that 



ptccursor supply from the DXP pathway was not entirely ctim- 
maied in these plants. 

Transgenic up-rttlilatrOn ofofcr, as evidenced by Northern 
blot analyses and direct DXR enjcymc assays, led ro an increase 
tn evacnoal 0)1 accumulation, a result that nury be attributed to 
impt'Oved flux of pnstair^on Cor mo no t erpen e Oiosynthcsiii in (he 
oil gtanobby the increaand level or d^velopmenial duration of the 
DXP pathway. Either effect implies that DXR catalyzes a slow 
alcp of the mcvaloniifi-indcnendent pathway. It ■* notable tK»t 
essentiai oQ yield incre^e* approaching 50% did not result in 
observiiblc changes in the complex oil coarpoitLon noted hr 
most plants. This coupling of yield increase without ooni posi- 
tional change indicate* that the capacity for limonene productioe 
(and downstream biotyntheoc steps; see 2) ha> oot been 
mrved ed and thereby tvQ«cfts thai additional raxemeterminmg 
stap(s) reside comewhere between DXR and limoscne synthase 
(the first committed step of me^rotcrpene biosynlhejua). ' 

Trani^enk down-regulation *fmf*% by the antisense approach, 
led to the anticipated decrease m od eon tent of ( t^mcnthofDran 
(withoox change m yield) but surprisingly did not increase 
(4-)*pQle£one content as might be expected via the decreased 
conversion of this ketone intermediate to (^-)-aenthofuraA (see 
Fi£, Z). Raihcr, AtUxmac in the oil content otboih mcnthofurM 
and pulegone was obocrved in the transgenic antisense MFS 
plants (Table 1). Tliis unusual obaerv^liun iv currently unea. 
prained but nevertheless represents a favorable compontfoml 
change, because both menchofuran aad pulenone are considered 
undesirable monoLerpcne component when prcaem m pepper* 
mini essential oil at levds cxcccdinr a few pcxecsx. 

W< th^ok Aaron Lehiaeer and hUrluu Uuice lot te cfc w cg l muiMwio^ 
ivhutm* Cprh^rd for rteflkc the pUni*, and Joyce T*mnr» for rypou* inc 
manuscript Thw work mi «upported in jiMn hj the U.S. Dcpnrimenr or 
E*c*n. Drvtsen of Enemy ttotocQCot, by the Mini Znduttry Rocszth 
Cowneil, and by tee Ajuncuhurol Rmarch Center, WMMbin^ttm $ute 
l/n.^niry (Proiocr No. 02o8>. 
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Abstract Tbo recently discovered nofrnzcvalooote 
pathway to isoprenoids, which uses glycolytic interme- 
diates, has been modulated by ovcrcxprcssion of Esc- 
herichia coli o-l-deoxyaylulose 5-phosphatc synthase 
(DXS) to increase dcoxyxylulose 5-phosphate and, 
consequent^ increase (he isoprenoid precursor pool in 
£. colL Carotenoids ore a large class of biologically 
important compounds synthesized from isoprenoid 
precursors and of .interest for metabolic engineering. 
However, carotcnoick are not ordinarily present in 
E. colL Co-over expression of £. colt dxs with £r»wio 
urahypra gene dusters encoding carotenoid btosyn- 
thetic enzymes led to an increased accumulation of the 
carotenoids lycopene or zcaxanthin over controls not 
expressing DXS. Tbus^ rate-controlling enzymes encod- 
ed by the carotcnofienic gene clusters are responsive to 
an increase in isoprenoid precursor pools. Levels of ac- 
cumulated carotenoids were increased up to 10.8 
the levels of controls not over expressing DXS, Lycopene 
accumulated to a levd as Ugh as 1333 ug/gdw and 
aeaxanthin accumulated to a level as high as 592 
g dw, when pigments were attracted from colonies. 
ZcaxxnUnn«producing colonies grew about twice as fast 
as lycopcno-producing colonics throughout a **m^ 
coarse f 1 1 days. Metabolic engineering of carbon flow 
from simple glucose metabolites to representatives of the 
largest class of natural products was demonstrated in 
this model system. 
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Isoptenoids are a diverse group of natural products 
found in all organisms. They arc derived from the Cj 
skeleton of isopentenyl pyrophosphate (IPP)« T?P was 
thought to be strictly derived from the mcvalonate 
pathway, and the enzyme HMGCoA reductase was 
considered to be a rate-limit* ag enzyme for this biosya- 
thetic route (Dimster-Denk et al. 1994; Chappell 1995). 
Rocently. a novel non-mevalonaie biosynthettc pathway 
w^s discovered that operates apecilically in plastids of 
plants (reviewed in iicfaien thaler 1999) as wdl as in 
bacteria and in cyanobacteria; in plants, the mcvaJonatc 
pathway operates in the cytoplasm in parallel with the 
plastid-localized non-mevalonaic IPP pathway (Kohmer 
et al. 1993; Scfawender ei al. 1996). In the non-mcvalo* 
nate route, IPP is derived from deoxyxytulose 5-phos- 
phatc (DXP). which in techerichia coli has also been 
found to be a common precursor in the biosynthesis of 
v itam ins B> (thiamin) and B* (pyridoxal) (Sprcngcr et al. 

1997) . The enzyme i>)-dcoxyxylulo£c 5-phasphatc syn- 
thase (DXS) is responsible for catalyzing the synthesis of 
DXP from pyruvate and GAP (gtyceraldehyde 3*pho$* 
phate)(Sprcngcrct al. l997;Langcet al. 1998; Loisct al. 

1998) . In plants and bacteria, competition for DXP 
might affect end-product accumulation for different 
rtoprcnoid-dcrived biosynthctic pathways. The enzyme 
responsible for DXP synthesis might represent a novel 
rate»eontrolling enzyme whose expression could be 
modified to increase substrate availability for pathways 
under cooperation for metabolic engineering. 

Carotenoids are one example of isoprcnoids for which 
interest m metabolic engineering relates to their useful- 
ness as coloring agents and as precursors to vitamin A 
Mod to retinoids, compounds essential to growth and 
development (Misawa et al 199U 1993; Yamano et aL 
1994; Buxkhardt et al. 1997; Ruther et al, 1997; Wang 
ct al. 1999). Carotenoids are synthesized in certain bac- 
teria, fungi, and in plastids of plants (as reviewed in 
Armstrong and Hearst 1996; Cunningham and Gautt 
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1998). Gene clusters encoding tlic carotcnoid bioiyn- 
thetic enzymes have been isolated from epiphytic bacteria 
audi as Erwinia ur*dxmra % and their introduction into 
Escherichia coli has resulted in carotcn id accumulation 
(Misawa etal. 1990). In addition to the prospect of 
bioengincenng the accumulation of useful and unusual 
carcinoids, the expression of carotenogenic zenes in 
£. coli represents a unique opportunity for the cloning 
of new genes by heterologous complementation (Sun 
et al. 1996), for the functional testing of gene products 
(Li et al. 1996) and for the examination of flow through 
the pathway (Kajiwara et aL 1997; Ruther ct al. 1997). 

The C» isoprenold geranylgeranyl pyrophosphate 
(GGPP), produced by CGPP synthase (GGPPS). is the 
first precursor to the carotcnoid*, and to a variety of 
other isoprenoid-derived products, including gibbcrcl- 
lins, the phytol chain of chlorophyll, pmiylqumones, 
tocopherols, ptenylatcd proteins, and many secondary 
metabolites such as taxol and casbene (Chappcll 1995). 
GGPP is formed from four units of IPP, one of which is 
an isomer < DMAPP). IPP isomerase converts IPP to 
DMAPP in E. colt; DMAPP condensed with consecutive 
m lecules of IPP forms farnesyl pyrophosphate (FPP), 
geranyl pyrophosphate (GPP) and then GGPP. 

In E. coli, the presence of GGPP depends on the 
activity of endogenous IPP isomerase and FPP synthase, 
and exogenous GGPPS. Recent efforts have focused on 
increasing the carotcnoid accumulation by overcxpres- 
sion of these three enzymes (Wang ct aL 1999), as well as 
by overaipression of en2ymes within the carotcnoid 
pathway (Kajiwara etal. 1997; Ruther ctaL 1997). 
Hypothctically, the accumulation of carotenoids also 
depends on the concentration of IPP as derived from the 
non-nicval nate pathway. Since the DXS enzyme func- 
tions at the junction of three pathways, manipulation of 
DXS enzyme levels might be as important in enhancing 
end-product accumulation as in increasing . levels of 



£e*»c cluster present in pLumid* pACCRT-£/£ or pACCAR- 
25 Ac**, alternatively named pCAR25<frtf (Misawa ct al. 1990), 
as previously described (Wurtzei ct al. 1997). Rfomid pAC- 
CARlS&ertB (Mi»wi ct al. I W0) t which ho* » framcshift muta- 
tion in the gene encoding puytoeac &yath*»c, produce* ao 
carotcnoid and wm* used as a negative control Thuc auotcnoid- 
accomubitrng strains were naasfofiDed using Che CaG? protocol 
(Snmbrook ct al. 1989) with aa additional plasmid, pTAOOAK2 
(dto) G X pr c*% inz £ dm o-l*dcoxyxyluloso-5^khosphati: ayruhmsc 
(Lob ct al. 1998). Uactnna wphj cultivated in Luria-BerUm (LB) 
medium in liquid culture or agar plates (Sambrook el aL 1989) 
supplemented with 50 ug/ml ampidlliD to select tor pUC-derivcd 
ptasmLdt carrying dxs ind 70 pg/ml chloramphenicol to select for 
pACY184~dcnved" pU«mida carrying the Erwinia earetcnogeme 
fienc duller*. In some eases DXS expression was indu ced by ad- 
dition of J mM wopropyi- 1 Hhk>-^D*^alaetOAdc (IPTG). Liquid 
cultures were iaoculmd from a glycerol wock (Sambrook et al. 
1989) prepared from one primary transfoxmant colony. A iu-ul 
aliquot of the glycerol stock was added to 10 mi LB with antibiotic 
and grown to xutionary phase for 12 h at 37 "C with soakinc At 
740 rpm. Aliquot* (50 ul) of these starter cultures wen then inoc- 
ulated mm 50 m) T.R with antibiotics in X25-ml £rlenmeyer flasks, 
incubated at 37 *C with shaking for 30 b, then held at room tem- 
perature Tor an additional 10 h. For growth of colonies on solid 
medium, cdh from a glycerol stock of appro*. 500 primary 
tr«n»rorm«n( colonics scraped from a plate and mixed together 
wenc Mcrially diluted and plated on to LB plates with antibiotic* at a 
dcn«ry of approx. 150 colonies per 15 x 100-mm Petri dish. These 
plates were incubated at 37 °C for 8 h and then at room temper- 
ature for Z-ll days. All culture* were crown »o the dork and 
shielded Trum light during *11 mkmpulationv and vubacqucnt c*r- 
ocenotd extractions. 



Carotenotd analyst* 

Colonics lifted on to dry nitrocellulose membranes or 

single colonics lifted onto 7wuxn-diameter discs were placed colony- 
adc up in a pool of 50 mM oIucose/0.25 mM Tru (pH 8.0) 10 mM 
EDTA (OTt) on a das plate or microliter plate Ud and scanned 
wet on a Hewlett Packard ScanJet 6100C at the following settines: 
contrast 200; brightness, 200; scaling, 300%; resolution, 100 dpi; 
256 iieys. Colony boundaries were selected manually and pixel 
values determined with ImageQuaNT V4Jb (Molecular Dynamics, 
Sunnyvale, CahT.). AHcr scanning, cells were released from me 
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ffe. 2 Hoe course of carotenoid occumulition in rondos couttmxrtfi 
pAOCRT-£flJ CCD or xxA(X3CT-£//t ♦ pTAOORR(DX5) (■). 
Values art Are/aee* uf 2-4 detcmun*aans and error bus are ±SD 

The differences observed whoa strains were grown on 
solid medium wen; further explored by means of growth 
in liquid culture. Extracts from liquid cultures showed a 
range of pigment expression similar to that measured in 
colonies, but with much greater variation (data not 
sh wn). Wc taw a large variation in carefcUy prepared 
replicate cultures, as well as large variation among cut* 
tares prepared from different primary traarforrnants, 
EPTG induction of DXS expression at various time 
points bad a negative effect on carotenoid accumulation 
in liquid cultures as well as in colonics on plates (data 
not *hown). 



Discus** 

Accumulation of both lycopene and vw«a«tKin in £\ coli 
was greatly enhanced by overexpression of DXS. sug- 
gesting that IPP pools m*y t» Uznited by DXS expres- 
sion and activity. Other studies have shown effects on 
the rate of carotenoid synthesis by causes downstream of 
the IPP pool For example, Wang ct al. (1999) have 
shown that oo-overexpression of heterologous GGPPS 
(CrtE) and homologous IPP isomerase, enzymes up- 
stream of the carotenokl biosynthetic pathway but 
dow n st r eam from DXS, increased asinxanthin accumu- 
lation in £L coli Up to a level of 234 fig/g dw. Co-over* 
expression of genes encoding a novel bifunctional 
GGPPS (sps) and IPP isomerase {ids) led to a drastic 
increase in astoxanthin levels up to 1419ji£/gdw, 
demonstrating that GGPPS and IPP isomerase are rate- 
Controlling. By modulating TPP precursor levels in the 
presence of native levels of IPP isomcnuc and FPP 
synthase* wc obtained a maximum value Tor accumula- 
tion of lycopene that was similar (1333 dw). To- 
gether, these studies clearly indicate that flux into the 
heterologous carotenoid biosynthetic pothwsy is influ- 
enced by rate-controlling enzyme levels which are also 
responsive to precursor concentrations. 

Overexpression of enzymes within Che carotcaoid 
biosynthetic pathway has not led to large increases of 
earoten id accumulation. Fox example* co- transforma- 



tion f carotenogem'c strains harboring pACYC-dcrivcd 
plasroids with an additional pUC-derived plusmid 
ovcrexprcssing one of enzymes of the biosynthetic fleue 
cluster (such as phytocne synthase, phytoene desaturasc 
or lycopene cyclase) had a negative effect on carotenoid 
accumulation. Only carefully controlled (by growth- 
phaso-spocific IPTG induction) ovcracprcssioa of a 
terminal enzyme, ^-carotene hydroxylase, created 
a metabolic sink and a IJWoid increase in zeaxanthin 
accumulation to 276 ng/g dw (Ruther et al. 1997). 

In contrast, wc report a. 2.2- to 10.g-£old increase, 
relative to our average, values of extracted carotenoid, 
when DXS is overexpressed. While our average values 
for accumulation in &CrtX and EIE are similar to valve* 
for other carotenoid gene duster-containing £. coli 
strains in the literature (Ruther etal. 1997: Wurtzel 
et aL 1997; Wang et al. 1999), we measured increases up 
to S92 ng/g dw for zeuxanthin and up to 1333 uzlz dw 
for lycopene with overexpression of DXS. pTAC-TAC 
expression vectors are iPTG-indueiblc, but lack tight 
control of the basal expression level from the strong ? t0r 
promoter, leading to DXS expression in the absence of 
induction (Rohmerct al. 1993). Prdxmiaary experiments 
with induction of DXS expression by inclusion of IPTG 
in solid medium or addition of IPTG to liquid cultures 
at inocuUtion, at mid-log phase and at stationary phases 
of growth had a negative effect on lycopene* and zca- 
xanthin accumulation. 

Inclusion of glucose in the growth medium increases 
astaxanthm pigmentation in E. coli overcxpressing 
GGPPS and IPP isomerasc in combination with an as- 
taxanthin biosynthetic flene cluster (Wang ct al. 1999). 
Co-ovcrcxpvession of IPP isomerasc in our DXS-ovcr- 
expresszng lines in the presence of glucose may further 
stunulaxe carotenoid accumulation in our strains. 

Success with manipulation of these coupled pathways 
m bacteria may be applicable to plants, especially as the 
carotenoid biosynthetic pathway and the non-mcvalo- 
nnte route to IPP via DXS arc plastid-localizcd. Efforts 
arc underway to extend metabolic engineering of the 
isoprcnoid precursor pool in the presence of a carote- 
noid biosynthetic sink to the higher plants. 
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The biotechnological potential and design of 
novel carotenoids by gene combination in 
Escherichia coli 

Gerhard Sandmann. MdnueTa Albrccht Gcorg Schnurr r Oliver Knorzer and Peter Boser 

Carotenoids are ontioxidants wrtn considerable pharmaceutical potential. More man 600 carotenoid structures are known but 
their availability i$ limited owing to practical olfficuttes associated with chernical synthesis and isolation from microorganisms 
or plant tissue. To overcome some of these proWwns, heterologous expression of carotenoid genos m Escher/ctoa coH can 
be used for the synthesis of rare derivatives or even of novd c^sro*e«oids> Novel and rare carotenoids car be obtained by 
combining eamtcnojd genes from different host species in f. cof 



Carptenoid* arc naturally occurring pipnnm iyn- 
thtauecd as hydrocarbons (carotcno) and dieir 
axygrnaicd dcrryiovcs (jcmthopbylk) by plana 
and micrnorgmisins, Their major function is in 
protection against ooadaovf damage by quenching 
photOseosiazers. i«ot*cang with smgfct oxygen 1 
and scavenging penary radicals 2 , thus premising die 
accumulation of Harmnjl oxygen species, 

Tim protective process is dependent on their chemi- 
cal «ruccurc% which can dieter ill the length of the 
polyene coromophort, the nature of the end poops 
and che various nibstirueun due chcy contain?. Thr 
exact chemical soructure of individual catotcnoids h 
decarve Tor their biological properties because it 
determine* how they interact widi other molecules and 
integrate into membrane* 4 . 

Thr vol* of cttiQCtVMHdt 

Over the past 20 years, evidence has accumulated that 
carotenoids play an important rote in mc.pxraatioa of 
cardiovascular disease and cancer*- 7 , for example, akin- 
tancer*inducarf otice and rati due weir frd or injected 
with 0 carotene and eanrhaxanthin showed a significant 
delay in ouoor growdL in other annual rodiex ptotec- 
uoo against 00» types 6f cancer (eg, of the salivary 
gUad, colon or mammtfy gUnd) wa> otnenrrd. More 
than 600 nafutxtty occurring caranmotdt have been 
identified to dace but mou of these are tnosymhedc 
iotenncdiaocs due accumulate only in n?ce amounts, 
m-kkwg it very difficult to extraer iuf£«ent material for 
thru purification and application in animal studies. The 
mioibcr of carotene/ids available for evaluation of their 
pharmaceutical potential is thus very limited. 

in addition to animal itudae*. aevexai cell-a^ty tystcms 
Aw the chemopMWMiaa of cancer have been devri- 
op^d*. These assays are convenient models to study pro- 
tective efleeti on morphological onnsfbraudocu 

Mr Albf^hi if. fk* farfmtkmb Cmtp r botmioi Innim*. 
J, SV. Ok0« UnmrnmOl, PQ ft* J1 W2, D.600S4 FmlrfiiH. 

Cnwtfwy. CL S^nwr, O. K*&9»*mi P, fj&jptm* * tk* LrkkuAf 
fir Pkpioicgic wrt* tkthnmr drr JPfU^tr^ UriiwCfliM Kntth***; 

PO Ocx 5560, 0-794J4 Ktmstmtz. Cemmy. 



communkaoon and die interaction of cancer cdDk Such 
systems are aha cxtmdy useful in cvafcudnc teUovely 
small amounts of CAfOomnids, At ptc3etitthcTnnmlinu» 
tan on to daese saidtesrt oSc supply of ttructuraDy diverse 
carotcnouk. It » thm important tp search for more- 
elective carotrnoidi and to carry out studies on the 
eeJacsonamp between structure and activity. 

OAo- oiura of cuvocrnoida 

Industrial applications of caiocenojdx include tU- 
uac & noeicot toppkmcns, for pharmaceucioJ 
poses, as food colorants and in animal fcd&. T^e actual 
sale of caiotenoids is esdmatrd ro br appxoxsmately 
USI500 ituQaun and the maorkce is incm»in^. To date 
die majority of carotenoids u»cdmdu*cnally arc chcmi* 
ally synchesised (eg, astneanthku candiaxandiin and 
0 catotcuc). althougji somrt also avuuihle a narural 
extracts. In a dd moa , p cwowir andavooonthin are aho 
produced ecnmercudly by miccobial fermentation but 
their market share h oot very significant^. However, as 
more compW carotenoids reveal their pharmaceutical 
potential, frrmmeation proce^VO u*ift£ natUnil or 
geneticklly modialed will be 

iDdispeoBablr in dicir production. 

Rjceena developmcna in the molecular biology of 
cai oo u i t ot d baosynthess tiom Of^niams mat accumulatt 
different carotenoi d products have provided a variety of 
genes 11 siiat cau be cmpkiycd as tools Car a new szategy 
of bccefolopou* tdmiesMd in d uTum r hovt 
combanaoon of iprncs from or^aniMVu that ibllow differ- 
ent b ranches of a pathway wfrcs. i t OOtfibJ e to sytuhcsrc 
novel compounds. This scraecgy only worb, however, 
when dxe tubstrae ipecifiriry of me enzyme ttsuch that 
it docs not need on recognize die more subftrate mol- 
ecule but only certain regions of it that are suitable fof 
cooversion. A derailed biod^eoiical chaiarteha^bon of 
the substrate and product speeificuy of cxptcu*4 
enzymes 12 a neod^ry to chnoae the ^prOpcuor e^uex 
This approach eo the production of new oompouodi by 
gene ComhinaPion in a licOeiologDUS host has proved to 
be successful for die synthesis of carotenoids and ako for 
rccnccnomicints .uod Bebcc4 antibiotics, wbich arc 
formed via. the polyfcenkto padaway 0 , 
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EtcherithiM cotf as * factory tor c**ot*sioida 
Recency carotenoidb have been successfully synthe- 
in aoa-omcnospnic bacteria and yeast using 
wcombiiunt gtnc twhai^uej |>H5 '. Considerable 
progress has been made; especially in the 
all the necessary genes tu lymfaoizc smicrAirally differ- 
ent caroccAoids Mich a* ryeopene, fs ewtene and 
scaxaruhin in £. adf 1 * 1 * 

The poteriDaJ of thu system is dctetmixvd by several 
faccoa. Fof h!^h«yicld carotenoid production, opd- 
mutsriort >hould focus oo several different aspect!. JFscrc 
sufficient precursor* (i.e. substrates for (he reactions 
involved) should be available. Second, a balanced level 
of camtenogenie rni^mci should be expressed, to 
enable efficient precursor conversion without the for- 
mabon of inter mediate mctabohir poob. Third, the 
correct conabsriatiao is im po r tant so tnixaaeazc 

die accumabbon of mtcnncdiaccs and ro increase the 
yield of the end produce (e.g. m zcajomhin for- 
maoon*). Lwt. (he hoK oqpmssn should exhibit an 
active central terpenoid pathway and possess a high 
.mage capacity ror carorxnoufe 

A**H*ttej*ma mi pUsmidj 

Carotcnogcruc genes or cDNAs axe available from 
bacteria, algae, fungi and higkw plan*, most of which 
can be functionally rxprgwd in E. wii (Tabic 1). 
Owing to the small number of chat hove to fax 
been cloned from the pathway leading to caioteooids 
with 50 carbon atoinr* only diapophytoenc and 
diaponeuro s p or ene cm h* peodveod. However, for the 
*yncheu* of carotcnoids with 40 carbon a tools, che 
choice of gene* u much broader. 

In all cases, m£ and crtB fiom Erwuiia species are used 
in £. off co xofmphytQfrne. which is the first carocenoid 
in the parhway. A vanety of phytocnc-deucurase 



genes ace available in order ro achieve ditfereor d e gr ees 
of deaaturadon of Che aeycKc molecole (Table 1). D& 
fisrnt r^enes fix lyeopene cyclase, which k ren^onsiUo 
for die foxtnanon of p and C rings, haw been cloned and 
other genet have already been used to ira^rx hydroxy and 
keoo groups mto cyclic and acyclic carotenes. To syn- 
theoW « particular carotnmdL the necessary jfftar% cat) 
eschrr be combined in a angle plasmjd or averted m» 
mcfividual pJasmids, The onh/ known eaxoeenofem'c 
s^ne diat cannot be expressed in £. colt k the sxaxandun 
epoadMC from Nitot**J\ (fu> is oof fiusenorul m £ oft 
because thto peoktryonc ho* cannot provider reduced 
rerredoxin. which ii needed for epoxide xhrmarioA* 

One advantage to using £ k m& for carotcnoid p»p- 
ducdoA a it* capacity ror rjansfermatusn with several 
pL^riudk a» long as they all po&wvfc a different oxi£in of 
rephcacion (Le, the pb»mid> have to belong diffaem 
mcomp aability groups), Ftmhtnnore. it is esseairial that . 
each phjmid carries a diflenrot antibiooc resisrartcc 
matker and that selection presuwr be mainrained at a 
hijr> level to prevenx spontaneous phsmid Vsu. Useful 
vectors belonging m difeent iiicompatjbiTicy gtouy fa* 
consxructioft e ^prmiwwi' plasmids for caroteoof^uk 
fSCncs tndude pBI022-mhtcd plawnids like pUC 
(pMfil origin of repUcabon, axxipiculin resistance 23 ). 
pACYClB4 (pISA oiij^m of repli cation, chloram- 
phenicol resucancr^). pRJC404 (JUC OXipu of repa- 
caojon r tetracyehn a foitfsnce^) and P&BR.1MCS2 
(SClOl origin of replication. Icanaxnybo resistance 36 ). 



Oarorertotd^ are rormcd via th* terpenoid pathway; 
in H. <d/i\ the only kuown terpenoid products are rhe 
prenyl side chains of ubiquinone and cnemquinone, 
and oV doliehoo, which are involved in boctcnal-ccll- 
wall lyxiiheMLar 7 . Carocenoid biosynthesis mediated by 
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Abbrcvwtwni: FPP. famesyt pyroprosntarle; CCPP, «*vy<gf<aryl pyrflohosphate. 
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foreign gents in £. eoU mutt compete with the** 
endogenous pathways tor terpenoid precursors. THb 
dnrosioa of early prerjyl pyrophosphates fiom endogen- 
c^parAwayxintocaroten to can be alleviated by gen- 
etic eogititeriDg of the metabolic pathway in E. colL 

It was recently shown that, in £. coti, the i e omcria tioa 
of uwpcnccnyl r^rfonbosphan? (IFF) » ©nntdjyrallyi 
pyrophosphjcc n tatting in the ft*pcAoid pathway. The 
gene for IPP isom«»c ha» been doocd and found to 
CflhartW Che synmevs of catotenddc when expected in 
£L <o/i with aomBaoidbicks r ooo4 a '. Tho implies due 
in£.»K, rtomamaoo oflPP to dftnethybQyi pyrophos- 
phate, which subsequently wvo a* a subtle for chain 
nlrtnfrrion, n 3 nvgor regulatory step in the forma don 
of difcrmt terpenoids, Cctosequenrly; the amouos of 
earotenojd* tynxhesbed are dependent on the activity 
f IPP MOwcaae cxpi e w e d inEoi 

In addition to the removal of (hb metabolic bode- 
t^ek. there is also compeddoo tor gemyipfoffyl 
pyropheffphate (GGPP), Which is the vuhtfrMt: forphy- 
toene synthase. Induction ofhigh-levid c*p*cijw>fi of the 
<*B gene for au carymatieafly «W pbyfeocne synthase 
in E. coll decreased the powth of the expressing strain 
by draining off GGPP from the ersdegeno^ ttttsfeakc 
processes* because die capacity for GGPP lynthesb u 
wry low in £ raff*. This pcoblrm could be overcome 
by cotxaAsfornudoA with * GGPP-mlhase esn€ ,f . 

It has been shown chat rngh*Acvel expression of the 
GGPP-syothaac gene enhanced the synthesis of 
caxotenoids by about 20% compared with Iow4evel 



<xpt*s&*>r\ O^sxwoxtaUng that provision of GCPP is 
a second finuting seep for die synthesis of caroceooidV 
When bodi GGPP-tynthoie and iPP-aomcraK leveb 
were increased by sunulcaneoui uttsodnoion of Che 
carrtspouc^ gene* 2 *, enough GGPP and other pre- 
cursors, are provided tot Che xymhrci of essential 
housekeeping n-rprnoid compounds in adcUdo* eo 
c aiM C Viioi di in E. coll 

£x*$rtpla 0fs&m cmnhimaHmis mmd ike rts»dd*x 

It has recently been demonstrated chac iris possible to 
ryndiesixe eighc diflbrenr hydroxy derivatives of 
easvtenoKfe in E (tip*, including die aeydic c^rorrnoids 
1-hydioxyneUfdapormr, 1 ■hy dn u y l ytu prn^ 1.1'- 
dihydroxy^yeopene *od dctncthyfepheiuidtfnir, *nd the 
cydic earonrnoidi 3-bydittry-&-2esKvoQene, 7.8- 
dihydtoa«axirtbm. or y-hydboxy^7 P B^hydxo-sV 
cafofAo? and 1 '-hvdroxy^-cafocenc. Moat of these 
cafotenoads an- found only in nice, amoun© in natural 
sources. For the synthesis of aO the caroeenoida men- 
tioned above, E. wli was transformed with a combi- 
nation of up co Ihroe comprtblepWiso* which coo- 
tuned several dmtcnogenic genes fiocn £rwima 
uredoiorQ and two RAWofcaovspeties. Tb» uroctores of 
these earotenoiot and die pathway of their form ation h 
outlined in Fig. I. FutjJly all new or uncotamon 
caroteaoids sJiould be og»ro»2y chaxacierixed by dif- 
ftrenr specooscopic methods such as oust and NMR 
speenxscopy". 
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ConAxtioms far carotenoid prmJmttum 

Carotenoid formation is dependent on thesojainand 
the culture medium; the media of choice wen: those 
with up CO 2.5% casein hydrolysate as the major carbon 
source. Growth conditions muse be optimized in order 
eo produce different hydroxy carotenoids in amounts 
chat justify their uohxion and purificados^ 1 ; yields f 
hydroxy carotenouk obtained were around 100 ^ (g 
dry weigh r) -! . Generally, arytenoid conccaf»do&£ 
wmr hauhrrat lower fr mpnn uTr. Tbi« inverse relation- 
ship of carotenoid fonnadan to the growth < imyc»> 
am of E, w!i can b* *n»ibufe"d to slower 
ea*0ttno£cnjc pcnc*. yielding more-active enzymes 
and also to a better prevision of prcuyi pyrophosphates 
as cuoteiioid precursors when die enare metobohsai is 
slower. Good carotenoid yields were obtained during 
a growth period of 48 h ar 2fTC 

The growth and tbrrnaaori of lycopenc (an example 
carorcnoid) it shown in fig, 2. A typical logirkhmie 
sjtowth curve a evident, with stationary pha* bemg 
attained after approadmacriy 4!> Kax2iTC The increase 
of Carotenoid synthew per cell h slower and cmxeeih 
in a linear fashion up to 40 h. nuulttug in a yidd 
of approttimater/ OS mg (gdry woght E. orf)-'. Also, 
the incorporation of an additional isopeGtenyl- 
pyrophospharc-uomrfasr gene from the unicellular 
green alp* Hocmotocoaus phtviclir* results in an addition- 
al l.Jr*2 omn tnefeoM tn cBfotenoid syndic***, 

In some ea*e», intermediates may form up to half of 
the earecenoid end product 31 . In these instance*, rigor- 
ou* xparation and purification h necewary. leading to 
further losses of the desired end product, although, in 
many cases, die intermediates obtained during purifi- 
cation may prove to be as valuable as the desired 
carotenoid when evaluated ia phannacccocal ecus. 

The large-scale extraction and purification of 
carotcnoidf from £. ofi pose a nurnber of ipccrfe prob- 
lems thar have to be resolved 30 . For example; lipophilic 
unpurides from the bacterial host have » he separated 




Reure 2 

Procuc&on of tfio canrtanoiO lyeooi^B Dy rtcorittwvHfl Eschcficfki 
co* JMioi tfjn^nuU %rth oAGCrTCBt,, at 2B*C *>TB medium 
containing 1.?% casein hyotaVstnvO.8% yeaett extract, 0A% 
ttCeftX, 0.23X KH,P0 4 an* l.2$% K,W* Abbrcvlasonr 00^, 
OOtator density at 600 nm. 



60m me carotcuoids. On a laboratory scale, lyorrtiyioed 
bactcrhl cells can br ground in a cdl ndD and exxacted 
with acetone fee «-t 2 h in the dark eo avoid carotencad 
degradation. AnV removal of the acetone the residue 
is dissolved hi a dicthyieth u yiuu l xruxture or t in case 
of hydroacyowxenokk, ia acccone-pettui and purified 
by passing through a uhca-ftcl column. S unable solvent 
mormtfe tor elunon are dkcutylethcr-petrol (1 :4 v/v) for 
carot e nes and acetoae-pcMl (1:4 v/v) for Jbydxnxy- 
carotenoada. To detenninc carotmoid purity in isolaaed 
fraction^ HPLC it the flffOit - g^yKy t jat c technique^*. 

Future outlook 

The combination ofca r otenogenic genes results in a ' 
diversity of carotenoid >tru etom that cannot be syn- 
thesized by conventional chemical methods. Presently, 
only a small number of carotenosds can be obtained as 
pore compound* in ^£ni6caut amount* in order go 
study their biological tvnc&on in in wwo and m«d» assay 
syscesruv. An evaluati on of their andoxidanc properties, 
including protccdoo against singlet oxygen or radicals, 
as well as their potential as anticancer agents will fel- 
low, For thar large-scale prodaeeiou, further research 
is nrcrMary. which will also require a more-detailed 
undcnanduigof the growth parameters in fcrmcntcrs. 
One of die major problem* u the estenaeeion and purifi- 
cation process. However, optimized gene conscrucD 
will Uimt the accumulaoon of carocoioid intermedin 
atcs% which COffiphcasc die purification process and 
decrease die yield of the dsn*d casotenoids. 

Carocenotp-rue s»vi« » awauabic ftw\\ various oq^uv- 
isau r moscly haceena, T)k conitnicuon ofplatmid^ wim 
appropriate promoter* and die freniforaaaoon of £. to/i 
trains arc coxnpJcc tasks but axe not rntery to be a major 
problem. Accordingly, in the near future many vecrort 
may br constrocted far new and hidkeito-unknown 
eai-otenoids with dificTcm chain lengths, multiple 
hydroxy and keto groups, aromatic rirun, f^ycotxdes, 
and/or men. At present, the early iceps m the terpenoid 
nietabolum of £. nWi are not well understood* but, 
once the pathway fiom l-deojcy*cvxyluln»r tn nopei>~ 
fienyl pyrophosphate is elueieatrd, xhi\ lenowledfe can 
be used co iutronc chc ptvcuixor supply for camumoid 
synthesis by genenc mod^canan of the hou. 
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Engineering baker's yeast: room for 
improvement 

Francisca Randez-Gil, Pascual Sanz and Jose A. Prieto 

Bread mdk>ng * One Crf *e oldest bocknoruifadurmg 0/X)ces$es. However, it is only in the past few years that recombinant* 
DNA technology has led to dramatic changes in fonrmilation, ingredients or processing conditions New strains of baker's 
yeast that produce CO, more rapidly, arc marc resistant to stress or produce proteins or metabolites that can modify bread 
flavour, dough rtteoJogy or shdMifc are now emerging. 



^^auharomyces ecmrvue strains b«n felected for 
^^many yean for choir doucMeswning chaxactehs- 

douftfa leavening and cooo^buto to tiic ttoour and 
crumb 9tmceurc afbxcad. The yea& mc n cria- 
cal in babng wr Hnolq gy. awd dii» depends on the douflfr 
&rmuhnon v on ^cd6c Mermen TOOtt pftnmcccn and 
opeodJly on intrinsic characteristic) of baker s yeast 

However, (here b a genera) lack of knowledge of ebr 
genes re$pormble for chc specific piDpertiai of baker's 
yew 1 - . Most or all of chese crais appear ooc eo b« ondfr 
chc control of single ftcocs or even a l«imtad numbrr of 

V. Kemdcz-Gtt. r. **4J. A. Ptitta ft*f*A@imia.*i£.+/ 
*t rkr Qqtmmcmc it U**rcOHkfk, tnttitwt* to AfpupimUd 

G«*tfr* t PO 8m V, 46100 Bwjnsm. Stum. 



genes, addidoo. industrial boko's yeasts sre Hon\o^ 
thidic inch a higb and im^ular decree of polyploidy 
and a Jow level of sporukcion. Comcqucndy. the 
iiupsovemoiu a£ tn*k» that pUy a roW m fctmcnOition 
is sdU oae of the most important bioxechnolosical 
challeages id baker's yeast 

rrozcn-brcad-dcmgh and, in partkulor, ftoxeo* 
awrrt-dough production have increased notibty dur- 
ing the past few yean, The image of &o*en bread 
doy^i has a nejprive infJuctKC on babng pcEfbrnuooe. 
increasing the prooEng time and rcdedog (he bread 
volume* These d&cu m uiOkd/ a cuuMfijuencr of chc 
loss of viabiliry and reduced ^i-pzuoVction capacity of 
the yeast cells chat arise* fmn fipc/. e injury^ 5 . Come- 
OlieAdy. it ^ common for bakm to add exrn yeast to 
uoeen dourfv wbich inarcucx the co%r of the pro- 
cess. Therefore, speone Atraim of bakert yeast that are 
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Genetic manipulation 
of carotenoid 
biosynthesis: 
strategies, problems 
and achievements 



Gerhard Sandmann 



CtrottrtOidfr, com • ofwhn* »r« provitamin A. hove a rtn^tardivtnt o*eio?lc*f 
itmctiofla and acttomkaanociaUy In relation to human health* For axample. 
carotonoids ar* blown to b* ewoUl for normal vision and nave boon •ococftatod 

with fOdWdiAfl fh* rf«k Off SIV«rAl dO0On«»trV« diB»«M»Ineh*d<ng CAACVf. Tho 

putative *dv»nt»3« of modify) no and •ngtnoonnatrtocorectnold btoayntheiic 
pathway* Cft obvious: to provtdo sources forth* isolation afdc«t*ed cvttM^idt 

rto generate food plant* with moreaead carotaaoid eontont. Tnl« article 
review* the ttvdlee of earottnoid production in hoto/otogoua microorganism* 
and tho engineering off croppUnt* using manipulated carotenoid bievyntH+ti*. 



Carotenolds comprise a group of naturally occurring 
pigment* chat attract the eye by making flowers and 
fruit colorful Structurally these pigments ar* . 
terpenoids derived by condensation cf prtny] 
p vropltosphatas. Carotenotds are lipophilic 
compounds end can be stored in a lipophilic 
environment. They ore synthesized and sequestered 
in piastids. Tho typical Q» cvrocenoids carry cydic 
p»fcaoao end ftroups that can be Substituted by coco, 
hydroxy and opoxy groups at dinVont poajrjoro 
(Fig. I). The moat £ignlBcampartmCheT«eieeuie 
the conjugated double bond syscem that decenrnmas 
their color and is responsible for their biological 
action. Their prominent (Unction Is ax antioxidants 
owing to tueir potential to Inactivate singlet oaygen 
and co quench carboxy radicals. Evidence is 
accumulating that corotcnoids play an important rale 
in human health by pre v enti ng degenerative 
diseases. Caratenoick with unsubstituce<fi- lonone 
end groups are precursors of vitamin A. The 
industrial uxo of corocenoids Involves their 
application in nutrient supplrroriAtatlon. feir 
pharmaceutical purposes, as food colorants and in 
animal feeds. A recent review covers various aspect* 
of carounoid prop«rti«*. as well a* their dietary rale, 
potential in disease prevention and biocyntnesefc. 



HioCyftOwMft Croon, 
a««nioWtaMlMti2tai 

FfMiMtroou magi 



Carotonoid dtmond and ftupply 
Tn* commercial demand of cArotftnol<te is mainly ine* 
by chemical synthesis and to aminor extent by 
extraction fttjm natural source Howe/*r, the supply 



isresn^ctedo>afewcarot9rK7ids.Some Important 
dietary caroxenoids are not abundant in our food and 
cannot be taken as supplements. Zeaxamhaafcr 
example. is a raro enrotenoid, which, totfjtherwith 
lutein. 19 the essential component of the macular 
pigment in the eye. Low level* of carotenoid intake 
iucrcsso the risk of age-related macular degeneration. 

During ingestion of corpcenotds. tbe effi6*ncy of 
absorption Is strongly dependent on the type of food, 
tfce wiry the food is processed and the amount of 
Bccornpanylng dietary lipids . When camcnoxds are 
added as a food supplement, the problem of intestinal 
absorption can bo overcome by an appropriate 
formulation. Whether t he presence of a carotenoid tn 
the food mainxmighi facilitate its bioavailability is 

jniWnOtVnOwn. 

Tho enormous progress in tho cloning of 
cvrotatioeenic genes opens up the possibility of 
modifying and cnginonnngthc carotenoid 
bf©*yntherJc pathways m rnJcroorgprusrA and in 
plants. Within the past year, the potential for 
carotenoid production in heterologous 
mice oorRaniitns* hu» boon shown using soveral 
different molecular biology approaches, a> weU as the 
engineering of crop plants with manipulated 
carotenoid biosynthosu. However, a suceossfcl 
manipulation of a pnthwoy for high** m*tabolit* 
lcvol* or novel compounds faces ihree haaic problems.: 

* Pi^ursorsarecoiisum^^chA^ftn^ of exiting 
pathways. 

- Interference with o well balanced regulation 
pathway might occur. 

• Product storage , especially when highly lipophilic 
compounds such as caret caoids arc^rtcratcd. 
must be ensured. 

Tliarefore, high-yield carotenoid p r odu ct ion should 
focus on Increased precursor supply, mairtfajuoingthe 
balance of impacting metabolic pathways and the 
use of organisms or targeting of tissues chat are 
capable of incorporating lipophilic molecules. 

When nutritional supplementation of a rare 
carotenoid is the ortrnory goal, two general strotofiios 
can he followed. One possibility is rJermentuUv* 
production such as in a modified microorganism 
followed by product isolation and addition to processed 
6^AJtcvTTOnveJly,thedesi^ 
synthesized in food plants and consumed directly. 

Transgentcni'icroorganiamL 

dtmrmoicn luwe been successfully syntheatoad In th> 
non^anjtgnocenk yiMUCnnriUtn udlis whkh has 
systematically been genetically modified asaproducOon 
hoi^fo/r/coperie^caretenr and nstaxanthUi The 
fbimgn uacoaial carotenoid biosynthesis genes wer* 
altered according id the oodon usace oCucfAsand 
oQxressed under the control ofcorotltur^veprAnnoters 
derived JErom the host. Carotenoid f ^ i fww ^ could bo 
&irtiterlncreJ!5ed by metabolic ef ^^nutu g of tho «ar Ky 
ffttvalonate pathway to increase thssupr^y of barpono^ 
prpajurAoni and also by decreeeOr^thco!iecf prenyl 



lafOtiaofcom-Mvtatimffw* aaoi fn^ iftjMw » i^.A»rf t »> .f M»w<. Mi:SiMO-\ae6cofiioi9i>9 





ftiaiw^iw * iw ip, Hing y» ^t»m»,itwua*iy wtvotw 00 wo n — oon ruMAia«w^ by 
*** feftiwfeR mw »*♦ «voum«* 01 mi «*• #4or»oo# ftno* aCwoiam oimn mMy 
wi|^ *lt0 »n aO*iOOfUMHWt«f» ttn^ QVW OfOUtttttf* Of OfOtttMltfogiflBi 1 iw wnw f «r* Jtrived 

pyrophosphates through tfaecorapetiiive srerel 
pathway 3 . This crt^rod Attain ytekUd7ita*gp«T B 
<bry weight ^nycopMriii. 

£L o©//f$ 9 cw*emmt host for heterologous 
cCTotenotd production. Mostof thecoxutcxiDgenlc 

functionally expressed in this barowi um. 
Furthermore. griasmidibftlonguigmdifiorBnt 
ineompftrlhiHty groups w^h different antibiotic 
resistance marker* arcs available. They can AO be 
introduced simultaneously in£ oa//ror carotenotf 
synthesis, enabling combinations of individual genes 
to be used. The pomnrijc oC£ co/fzs a carotenoid 



production system ha* bwi reviewed r*ccnt$. The 
problem of precursor supply can be overcome by the 
metabolic engineering of its decocyxylulose 5- 
phosphate pathway, which provides the prenyl 
pyrophosphate* for CArotenold >ymh*io>. 
Transformation with the genes tor ev**«*preaaioa of 
1 -dtfaxy-o-xylulose S-pho^phote synthaso. S4ooavo» 
xylulose 5-phmphai* nsductolmnora* mr%4 
ij^opcntoyl pyrophosphate LiommM. vrnnulaJOed 
cdroteno^enesis by up to 3.5-fold to a final yteld of 
J ^mc per g dry v/ei^f\Sifltilar<oncentr^^ 
rrjichrd tor ast«amhln In an£L zoh strain tnot bad 
baenniQctoftaJ Una different wa£ Increasing 
precursor supply seems co be Lethal indicating that 
the limitation of enrotenoid storage h^b*«n reached 

AcociibUxMionoif^rH»thmidilIerencor^ruvm 
that follow different branches of the pathway mokes 
it possible to syfttheaiise novel compounds. However, 
this strategy only works when the substrate 
speoAclry of XXm *ffiyfiM>i* *uch thatlt does not need 
to recognize the entire substrate molecule but only 
certain regions of die moiocuie that are suitable Tor 
conversion. Thl& combinatorial epproach can result In 
the formation of numerous novel earotenoids 
including l^ydroxyla^ acyclic structuTtt with up to 
13 conjugated double-bonds*. Their antto*idatxv« 
poeenoal t» superior to other related c ar oteno i d s . 

Another way of acquiring genes tor the synthcooef 
novol csxotenoMs Is to modify ihem cowards a modified 
substrate ondfor product specificity tAtagmotacuIar 
brecdiTur. Phyxoene desaturase gsnes from twrfSTMeAtiJ 
%pod os were shuffled randomly and a reoxrJbinrd gen* 
obtained encoding an era^m that ino^^ 
instead of four double-bonds* In addltftof^aJtycopeoe 
cyclase wa» obtained with >everal amino add 
exchanges that con convert 3r4-didehydro(ycopene into 
the cofTf spoil ding monocyclic product torulenc 

TfOfftSOtnio 0l«ftU 

Different approaches have been followed to modify 
Che* carouanoid content in pl^ts to enhance the 
nutritional value: 

- Modification of the carotenoid p*lhw*y by *hi4t*T>g 
to another carotenoid product >n CDmet&> 

• Increasing the amounts of pni-oxistinccarotenokls 

- Engineering a caro xenogemc pathway in tissue 
that is completely devoid of c**ertenQids such as 
rice enoaspernr 1 . 

Synthesis of phytoene by condensation of two 
molecules of geranylgeranyl pyrophosphate is the 
lniOalsteplncaroieiv^d5iosynaies^ CFl& 1)< During 
lyoopeae deposition in tomato firuit ripening, the 
activity of phytoene synthase <s the mpjor controlling 
fector of the pathway. Th e r ef ore this ervyme was a 
protronentcargttcforthogonouc nrunipu^axJUsnaTche 
carotonoid composition ortonwito fruit*. The 
constitutive high level expression of phytoene 
synthase In tomato resulted in carotenold-rlch seed 
coats, cotyledons and hypocoTyLn. However, plants 



wen? Tetiucod In stature because of changes in the 
etbbcrelUc and ahso^c add content*. In this case, the 
amoumscfgibDereNjm decreased because of 
competition for prenylpyropnophatta by both 
pathways Thia work Illustrates Hew problems arise 
when a balanced metabolism i> disturbed. 

Manipulation of the desaturatlon ocb vi^y in 
tomato was achieved wfth a oactari? 1 phytoene ox> 
carouvne dasfiturasegenc 9 . It* expression towered tbe 
lotal amount of caretcnoidfc in transgenic tomato fruit 
to seme extent but resulted in a three/bid increase in 
the 0-oirotenp content. Other carotonogentc enzymes, 
especially tha endoevnousC-oarotcno du&acurase and 
The lycopenep^yclasc. were unregulated by elevated 
transcript levels. 

Other unexpected results were obtained upon 
DruroXomvition of tobacco with an algaf^carocene 
katolasecex^ The construct ii^ 
a phytoene dotcatutasa gene from toman. Which ioa 
single gene ia the senomn. thus contributing to 
carotenotd ^yntheaa* In fruit and in Leaves. 
Nev e r tl ul csx for m a t ion ofketoearoteneids was absent 
in the leaves of tho u -uuim hmih , wflictl might Be 
Because of o eompateh le bwexprnttJo/taccrWCy of the 
promoter. Expression was high in flowers as visualized 
by the red ncce^plenrntatlon caused by astaxantron 
and othvr krtacBTOtenolds. Total carotanoid Utvolx wc*r* 
increased to i40Sbcompared with the wild type. 

Rice grain* ere devoid of carotenolds. Genetic 
TTKxiJftcmimteaoUnftotheto 
carotenolds (e*&0<arotene) In the rice endosperm 
should establish at Loaet four duliwwt reacoons 
catalyzed by the enzymes phytoene synthase* 
phytoene dosaturase^-<erotena desarurase and 
lycopetfee cyclase (Fig. I). TrnrofoTtnarion was carried 
out with a plasmld containing a plant phymcno 
synthase gene and a bacterial phytoene desaturase 
gene, which tog e ther should mediate the synthesis of 
lycopene from gearanylg#fanyl pyrophosp hate MBcth 
reading frames ware extended with transit sequences 
for the targeting of the endosperm plastids- One was 
under the control of the endospcmu«p«ci&c glutehn 
the other under the constitutive cauliflower mosaic 
virus 35S promoter. Surprisingly, ch* accumulated 
earoeenoids were lutem. assaxanthira- and P-carotene 
insteod of lycopene. Obviously, the 1ycopene>-*nde- 
cyclases and the&- and e-hydroxylases must neve 
been induced in the transfbnmant or am expressed 
consututivaly. Co*tfansforma&ton with a lyCOpen#-' 
cyclase containing pla wrrid increased the^-carotene 
content oftho rice endosperm to a nvodmuni level of 
1 .6 ug per g dry weight. 

The genetic manipulation of rape seeds to Increase 
the carotenoid content to high levels was a 
tremendous success, Overexpresston of a bacterial 
phycoene synthase gene extended with » plastui- 
' targeting sequence under asccdopocific promoter 
incraaaad tl>o carotanoid content of mature i*ape seed 
by up to SWold*. In the u-ansiormant the embryos 
were bright-orange compared with the green embryos 



in the control. In the transgenic seeds, concentrations, 
of carotanoids (mainiya- and 0-caroiene) of more 
tnan 1 mg per g fresh weight err i \m ilaeed (the value 
on a dry weight basis will be several Cold higher), 
yielding an oil with Z ***z pox g cvotcnoid.-*. 

Conclusion end prospects 
Genetic manipulations of carotenoid biosynthaoc 
pathways have been applied to microbial canxenoid 
production systems and to crop planes to increase and 
niOdify caiYrtenold accumulation. 

Production of carotmolds in sultablr 
imcroorganisms is.ver**tile. Combination of new 
genes and those modified by in Wtrogenetic 
recombination will load to a tth of different 
curaunoid derivatives /or structure- function 
inveatigaAons. Metabolic engineering can avoid 
bottle necks in the supply of terpenoid precursors. 
Furthermore, the regulatory circuits directing the 
metabolic flu* toon enstneared carotanoid pathway 
canbertsicsigne^.Them^Jor 
high yields is the storage capacity of the hosts. 
Eng* nccrinc cnnrterxjld-seo^^tering rystems into 
bacteria and ftangl still 3 fat* ahead of us. When this is 
resolved, fermentative production of carotenoids in 
heterologous hosts should Wad to a eonunerclal 

9UCCOSS* 

Several attempts hove been mad* to genetically 
manipulate camenoid Uoeynthesis in crop plants, 
ibua Increaalng the nutritional value, but care soil 
has to be taken not to disturb other lttprenoid 
pathways. This can be avoided by targeting tissue m 
which the? primary metabolism is rather lew, such ae 
fruit and Aeeds. with crgan-spcnAc pr o mo ters. 
Although the bioch»inistry of caroteru>gpne&t% has 
bee* well established over the past decades, 
unexpected new details surh as involvement of a 
plasddig wwUual oxidase in thcdesaturaHonof 
Corotenoidi and In chlorarespiration hove been 
discovered recently (reviewed on pp* 3 h » of this 
issue). There might be mareunia^ovmconnfetionsof 
cwi'Otvnegenasis to other metabolic pethweys. which, 
should be reveuled and considered »n futun* 
engineering of carotenoid biosynthesis. 

The mojor obstacle to precisely moduy*ng 
earotenoid metabolism by introducing ocr&nsgvr* is 
our limited knowledge of how expression of 
endogenous carotenogenic genes IS regulated In 
higher plants. We are still in the learning phase of 
understanding how and why endogenous 
carotenogonlc genes are expressed upon the 
introduction of foreign genes. 

Several authors have referred to vitamin A 
deficiency as a stimulus tocJTgfteerlngahlghef 
0-carotene content In food plants. Looking at th* 
cenet na r at ggns that were reached in some transgenic 
pUnt&, the. IrvwU are low in comparison to other 
0~carocene-contalnjng plant tissue such as leaver end 
carrot roots (upto6mgpergdryweigh^<arotfine, 
together with -3 mg per g dry weight p Lutaiut ene) 1 . 
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In thoctBOCdf comaOD. th^Vcrocmft cor*og* itx a ttoiw ixt 
tomato varfetu* with taghlcvekoftarotcnc 
obtained by conwrtlonjj breeding are definitely 
Wjjht^ 5 than in the irandgenicfruit deserted above. 
However, the trxunendoo* > nanease ii6-carot*n? 



cunenniration tn modified rap* wods yielding j 
P-caretft«u«nnchod oil U#0WaCh26ven«eni ft .Thls 
15 an encouraging mUestonaer? /owt o manipulating 
carotenoldblosynthm and other mmboUc 
pathways in obmx 
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